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DENSITY AND PERMEABILITY RELATIONSHIPS IN FABRICATED BERYLLIA 
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The permeability towards various gases of fabricated 
beryllia, ranging from 80-95 % theoretical density, 
has been measured. Permeability coefficients, Bo and 
Ko, are calculated from the Carman equation and gas 
flow through beryllia is compared with that through 
graphite. 

The viscous permeability—density relationship for 
hot pressed beryllia is shown to be similar to that 
for metal powder compacts, and rapidly decreases to 
a negligible value at ~ 95 % theoretical density. 

Information on pore properties (number, size and 
tortuosity) is obtained from permeability equations. 
For the specimen examined, the pores are ~ 1 «& 
diameter, tortuous and relatively few in number. 
Comparison is made with graphite, and the pore 
structure of beryllia is discussed. 

A minimum is observed in the plot of permeability 
coefficient (K) against mean pressure (p) and an 
explanation is given in terms of pore size distribution 
for this and another type of observed plot. 


On a mesuré la perméabilité vis-a-vis de différents 
gaz de la glucine élaborée ayant des densités variant 
de 80 a 95 % de Ja densité théorique. Les coefficients 
de perméabilité, Bo et Ko sont calculés a partir de 
Véquation de Carman et l’écoulement du gaz & travers 
la glucine a été ecomparé & celui & travers le graphite. 

La relation entre perméabilité visqueuse et densité 
pour la glucine comprimée a chaud s’est révélée 
similaire & celle observée pour les compacts de poudre 
métallique. La perméabilité tend rapidement vers 
zéro quand la densité atteint 95% de la densité 
théorique. 

Les équations de perméabilité donnent des infor- 
mations sur les propriétés des pores (nombre, grandeur 
et configuration plus ou moins tourmentée). Pour 
léchantillon examiné, les pores ont environ | y de dia- 


1. Introduction 


Ceramic solids are generally fabricated by 
powder metallurgy methods, the techniques 
most commonly used being cold pressing and 
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métre, une forme tortueuse et se trouvent a des 
concentrations relativement faibles. La comparaison 
est faite avec le graphite et la structure des pores de 
la glucine est discutée. 

On a observé un minimum dans la courbe de 
variation du coefficient de perméabilité (A) en fonction 
de la pression moyenne (#). Une explication de cette 
courbe et d’un autre type de courbe observée est 
proposée en se basant sur la distribution des dimensions 
des pores. 


Es wurde die Gasdurchlassigkeit von Berylliumoxyd- 
k6rpern mit einer Dichte zwischen 80 und 95 % des 
theoretischen Wertes gemessen. Die Permeabilitats- 
koeffizienten Bo und Ko wurden aus der Carman- 
Gleichung berechnet. Der Gasstrom durch Beryllium- 
oxyd wurde mit dem Gasstrom durch Graphit 
verglichen. 

Fur heissgepresste Berylhumoxydkoérper besteht 
demnach eine gleichartige Beziehung zwischen der 
Durchlassigkeit bei viskoser Gasstr6mung und der 
Dichte wie fiir Metallpulverpresslinge. Die Durch- 
lassigkeit geht gegen null bei 95 % der theoretischen 
Dichte. 

Aus den Gleichungen fiir die Durchlassigkeit sind 
Angaben uber die Art der Porositaét (Zahl, Gestalt 
und Kriimmung der Poren) zu entnehmen. Bei den 
untersuchten Proben hatten die Poren einen Durch- 
messer von etwa | “, waren gekriimmt und in verhalt- 
nismassig geringer Konzentration vorhanden. Es 
wurden Vergleiche mit Graphit angestellt. Die Poren- 
struktur von Berylliumoxyd wurde besprochen. 

In der Darstellung des Permeabilitaétskoeffizienten 
(K) gegen den mittleren Druck (#) wurde ein Minimum 
festgestellt, das zusammen mit einer anderen Kurven- 
art mit Hilfe der Verteilung der Porengrésse erklart 
wurde. 


sintering or hot pressing. The success of these 
operations depends on the elimination of the 
pores existing between, and in, the powder 
particles and rarely does either method produce 
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a body of theoretical density. In some cases the 
remaining porosity may be so small that the 
body is virtually impermeable to gases, but in 
others may be great enough for easy transport 
of gas. In either case, little is known of the pore 
structure of the body in terms of the number, 
size and tortuosity of pores, their size distribu- 
tion, distribution throughout the body and the 
relative numbers of open and closed pores. 
Still further, the relative number of open pores 
which contribute to permeability is not known. 

It is now important to know something of 
these factors because of the general increasing 
interest in ceramics which are impermeable 
to gases at high temperatures. In the nuclear 
field, for example, the pore structure of the 
ceramic fuel has an important bearing on 
fission gas behaviour. To elucidate pore struc- 
ture, no single type of measurement will 
provide all the required data, and a combined 
approach involving measurement of permeabili- 
ty, pore size distribution, surface area and 
microscopic examination will probably provide 
the most complete answer. 

In the work described here, the permeability 
of fabricated beryllia bodies has been measured, 
this being undertaken in the first place to 
provide specific values of permeability at given 
relative densities. From the data obtained, some 
information is also deduced regarding the pore 
structure of the samples studied. 


2. Theory 


The basic law of permeability theory is that 
due to Darcy 1), which states that the rate of 
flow of fluid through a porous solid is directly 
proportional to the pressure gradient causing 
flow. Nutting 2) modified this to include the 
viscosity of the permeating medium and so 
obtained a permeability coefficient characteris- 
tic of the solid only. The modified law may be 
written: 


Lge (1) 


where 


Kp= Darcy coefficient of specific permeability. 
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v=Rate of gas flow (ce/sec) measured at the 
mean pressure. 
n=Viscosity of the permeating fluid (poise). 
Ap= Pressure difference across specimen 
(dynes/cm?). 
L=Thickness of specimen (cm). 
A=Area of specimen (cm?). 


This equation describes the viscous flow of 
fluid through a porous solid and is valid for a 
wide range of pore sizes and mean pressures. 
But for gas flow through porous solids with a 
small pore diameter, two additional mechanisms 
contribute to the total gas flow: 

1) Slip flow, independent of pressure, be- 
comes important when the mean free path of 
the gas (A) is an appreciable fraction of the 
mean pore diameter (d). 

2) Knudsen flow, also independent of pres- 
sure, occurs when Ad so that molecules 
collide only with the walls and not with each 
other. 

Carman *) proposed an equation to account 
for viscous and slip contributions to gas flow, 
as follows: 


Saves 9 
0 aM (2 ) 
where 


K=Total permeability coefficient (cm2/sec). 
Ap=Pressure difference across specimen 
(dynes/cm2). 
p=Mean pressure in specimen (dynes/cm?). 
Bo= Permeability coefficient for viscous flow 
(cm?). 
Ko= Permeability coefficient for slip flow (cm). 
R=Gas constant. 
T = Absolute temperature. 
M-=Molecular weight of the permeating gas. 
y= Viscosity (poise). 


From the slope and intercept of the plot 
K vs p, the coefficients By and Ko are obtained. 
When slip flow makes a negligible contribution, 
the line passes through the origin and Bo= Kp. 
The equation has been tested experimentally by 
Carman ‘) on unconsolidated beds and recently, 
it has been shown that gas flow through 
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graphite, with a mean pore diameter of 0.8 y, 
obeys this equation 5). 

Under those conditions where Knudsen flow 
alone is the mechanism of gas transport, the 
permeability coefficient is given by 

Ka Ki Jo5 (3) 
where Ko’ = Permeability coefficient for Knud- 
sen flow (cm). 


3. Experimental Method 
3.1. 


The beryllia specimens, of which particulars 
are listed in table 1, were supplied in the form 
of plates 4” thick. With the exception of 
specimen 6, these were cut from blocks of 
beryllia hot pressed at 1650° C from dry powder 
originally calcined at 1650° C and subsequently 
treated by grinding and leaching as for the 
production of slip 6). Specimen 6 was prepared 
by cold pressing and sintering beryllia, which 
had been calcined to 1400° C for 1 hour, and 
subsequently mixed with 2 wt % CaO. 

The density and porosity figures on all 
specimens, with the exceptions of A and C, were 
obtained by the normal volume displacement 
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method. On A and C, obvious variations in 
structure occurred across the specimens and the 
density, measured along any traverse by a 6 
particle absorption method, showed considerable 
variation. The centre portion of both specimens, 
however, over which the permeability was 
measured, was found to be constant in density. 
Open and closed porosity figures cannot be 
determined by the # particle absorption method, 
and owing to the variation in density which 
exists, the figures obtained by volume displace- 
ment are not applicable to the high density area 
over which permeability was measured; no 
figures are therefore quoted. All other specimens 
had a uniform density throughout. 


3.2. APPARATUS AND METHOD 


While the permeability of most specimens 
shown in table 1 could be measured on one 
apparatus (Rig A) the higher density specimens 
were sufficiently impermeable to require con- 
struction of a second more sensitive apparatus 
(Rig B). 

Fig. 1 shows the general arrangement of 
Rig A, the principle being that the quantity of 
gas flowing through the specimen of given cross 
sectional area is measured for fixed pressure 


TABI 1 


Density and porosity figures on permeability specimens 


Density Total Open Po 
Specimen porosity (Pr) | porosity (Po) Pr 
(g/em) | (% theoretical) (%) (QS) (MS) 
1 2.34 77.3 22.7 21.2 93.5 
2 2.42 80.0 20.0 Ori 98.5 
3 2.44 80.7 19.3 18.5 95.8 
4 2.46 81.3 18.7 18.1 97.3 
5 2.46 81.3 18.7 ier 94.6 
6 2.58 85.5 14.5 11.3 78.0 
7 2.62 86.7 13.3 11.9 89.5 
8 2.64 87.3 12.7 12.0 94.0 
9 2.67 88.3 11.7 10.1 86.0 
10 2.68 88.6 11.4 10.0 87.5 
Il 2.74 90.6 9.4 6.3 67.0 
A 2.79 92.3 ed == Zo 
B 2.81 92.9 Cort! 0.19 2.66 
C 2.87 95.2 4.8 _— = 
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Fig. 1. Permeability apparatus — Rig. A. 


drops across the specimen. This was done by 
allowing gas from the high pressure side to flow 
into the confined space of a capillary manometer 
and noting the change in height of the liquid 
column in the manometer. 

The specimen was contained in a_ holder 
shown in fig. 2. It was squeezed between two 
rubber rings, the applied pressure forcing the 
rubber against the walls of the holder to improve 
the efficiency of the seal. To retain precise 
dimensions of the area under test, a short length 
of steel tubing was inserted in the inner bore 
of the rubber seal, the face of the tube in 
contact with the beryllia being tapered to a 
knife edge. With this arrangement, using a brass 
plate in the specimen position, no leak was 
detected up to a maximum pressure of 10 
atmospheres (140 psi). 


SPECIMEN 


METAL 
RINGS 


bs 
a 


Fig. 2. Specimen holder. 
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The results obtained on Rig A with specimens 
1-11 were of insufficient accuracy and were 
taken at mean pressures too high to provide 
information on the slip factor and as the 
permeability was also too high to permit data 
to be obtained with Rig B, the data for these 
specimens are restricted only to the viscous 
component. 

The general arrangement of Rig B is shown in 
fig. 3. The rate of gas flow through the specimen 
was measured by observing the rate of pressure 
increase in a vacuum system of known volume 
(1380 cc), the specimen being the only appreci- 
ably permeable partition between the vacuum 
and the external pressure. This apparatus was 
used for specimens A, B and C and had the 
advantage that the mean pressure range 
0.007 x 108 to 2.0 x 106 dynes/em? could be in- 


GAS PRESSURE 
6g 


«3 SPECIMEN 


HOLDER TO VACUUM 


Mc LEOD GAUGE VACUUM VESSEL 


Fig. 3. Permeability apparatus — Rig. B. 
vestigated, facilitating estimation of the slip 
factor. The pressure on the high pressure side 
could be varied from 10 mm Hg to 4 atmospheres 
and the vacuum system could be reduced to 
10-4 mm Hg with observations of pressure 
increase made up to 10-1 mm Hg. 

The specimen holder was basically similar to 
that in Rig A and was fitted to the all-glass 
vacuum vessel by way of a specially machined 
steel cone. Changes in vacuum were measured 
by a McLeod gauge joined permanently to the 
vacuum vessel. 

The experimental procedure used was as 
follows. The natural leak rate was determined 
by pumping the system to below 10-4 mm Hg 
for at least 24 hours, isolating the vacuum 
vessel and, with vacuum on both sides of the 
specimen, observing the build up of pressure 
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in the vessel. Pressure build up was then 
observed with various nitrogen pressures applied 
to the specimen, pressure increase-time curves 
drawn and the slope measured after correcting 
for natural leak. With an impermeable metal 
blank in place of the specimen, the build up of 
pressure did not exceed the natural leak rate 
whatever the applied pressure, thus justifying 
the procedure described to determine natural 
leak. 
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fig. 7. This shows a minimum at low pressure 
and as far as is known is only the second 
record of a minimum in the permeability plot 
for a consolidated ceramic; minima for ceramics 
of higher porosity have been noted recently ”). 


4,00 4|= 2.46 Sines an 


3 


4, Results Papin 
4.1. DATA OBTAINED IN RIG A: SPECIMENS 1-1] "5 
Details of typical results are shown in table 2 — }« 
for specimen 9, and fig. 4 shows the data for all, 
specimens 1 to 11. eee 
= 
4.2. DATA OBTAINED ON RIG B 
Plots of K against p for specimens A and C 
are shown in figs. 5 and 6 and values of Bo and 1.00}— 
Ko listed in table 4. Data on specimen C were 
difficult to obtain owing to the high density 
and a horizontal intercept is assumed at low 
pressure (shown dotted); the value of Ko is 
therefore uncertain. 1.0 2.0 3.0 4.0 5.0 6.0 
The permeability of specimen B was measured eh eh CA 
with various gases and a detailed examination ig 4. Permeability — Mean Pressure Curves for 
with nitrogen gave the permeability curve in Specimens 1-11. 
TABLE 2 
Permeability data on specimen 9 (density = 2.67 g/cc) 
Length L | Area A Ap 2 Vol. Ne Time Ga Kreme 
(em) (cm?) | 5 26 eelasey (sec) (ce/sec) ae 
(dynes/em? x 10-°) (ec) (em?/sec) 
0.334 0.316 0.207 1.121 3.92 53.0 0.067 0.383 
0.346 1.191 3.92 27.0 0.124 0.450 
0.484 1.260 3.92 18.3 0.173 0.465 
0.622 1.329 3.92 13.7 0.220 0.496 
0.761 1.398 3.92 10.7 0.267 0.512 
0.896 1.466 3.92 8.5 0.320 0.551 
1.035 1.535 3.92 6.8 0.383 0.600 
1.175 1.605 3.92 5.8 0.429 0.620 
1.312 1.614 3.92 5.0 0.476 0.642 
1.451 1.743 3.92 4.2 0.545 0.690 
1.590 1.813 3.92 3.9 0.564 0.678 


From fig. 4, the permeability coefficients shown in table 3 were obtained. 
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TABLE 3 


Permeability coefficients for specimens 1-11 
Bg EE ea I ee 


Viscous flow 
Specimen | Density coefficient Bo | —Logio Bo 
(Gane S¢ MOMSY 
————— 
1 2.34 (lel 10.1487 
2 2.42 15.0 9.8239 
3 2.44 28.6 9.5436 
4 2.46 31.3 9.5045 
5 2.46 10.1 9.9957 
6 2.58 0.93 11.0315 
7 2.62 5.0 10.3010 
8 2.64 4.15 10.3820 
i) 2.67 6.80 10.1675 
10 2.68 0.21 11.6778 
11 2.74 0.14 11.8539 


Permeability coefficients for specimen B are 
listed in table 5. 
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density 2.81 g/cc. Strict comparison of the 
materials however can only be made on the 
basis of actual gas flow through standard 
specimens under given conditions since the 
quantity of gas which flows by the viscous 
mechanism varies with pressure. The ratio of 


5.0 
2 | | i a 
AHO) 
ON 
g 2 O fm 
2.0}— 
/ 
2 1.0 | 
& ares | | ey) 
0.5 1.0 1.5 2.0 2.5 
MEAN PRESSURE (f)xlO~© dynes / cm” 
Fig. 6. Plot of permeability coefficient (K) against 


mean pressure (pf) for specimen C, density 2.87 g/cc. 
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Permeability coefficients for specimen B with various 


gases 
5. Discussion 
: Bo, XO Aine LOL? 
5.1. COMPARISON WITH GRAPHITE es (em?) (cm) 
Data for beryllia together with those for low Ne 2.03 1.27 
permeability graphite are given in table 6. COz 2.02 1.29 
The permeability coefficients for CEY graphite =e aes 128 
are lower than for the beryllia sample of oe a Nia 
TABLE 4 
Permeability coefficients for specimens A and C 
Density Viseous flow Shp flow 
Specimen (eles coefficient Bo coefficient Ko —Logio Bo 
(cm?) (cm) 
A 2.79 5.2 x 10-1 ID Se Oa 14.2840 
C 2.87 3.2 < LO (5.95 x 10-12) 16.4949 
ze 


K raee cm Se 


1.0 | 


| | 


(a) 


0.2 0.3 
MEAN PRESSURE (P) x10~© dynes/cm~ 


Fig. 5. Plot of permeability coefficient (K) against mean pressure (j) for specimen A, density 2.79 g/cc. 
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Plot of permeability coefficient (K) against mean pressure (pj) for specimen B, density 2.81 g/cc. 


TABLE 6 


Permeability coefficients for graphite and beryllia 


Material Bo (em?) Ko (em) Ko/Bo 
Natl. Carbon Co.8) 0-2 xe Oats 3 x 10-1 0:5 a0? 
CEY Extruded Graphite, 
1 Extrusion Direction 
Beryllia 2.81 g/cc 2.08 x 10-15 1.27 x 10-10 0.6 x 108 
Beryllia 2.87 g/cc 3.2 x 10-17 | (5.9 x 10-22) 1.8 x 105 
Ko/Bo indicates the relative significance of slip TABLE 7 


and viscous flow, and therefore of the effect of 
pressure on the transport of gas. Because of the 
high ratio for CEY graphite, pressure variation 
has a minor influence on gas flow unless very 
high pressures are used, but with the BeO 
samples pressure variation is more significant. 
The specimen of density 2.81 g/cc will always 
transmit more gas than the CEY graphite, but 
at low pressure the ratio of gas flow will reach 
its limiting minimum value of Ko (BeO)/Ko 
(CEY) ~ 4. With the higher density BeO 
sample, gas transport relative to the CEY 
graphite will be above unity at high pressure 
but fall below this as the pressure is reduced. 
Comparison of the gas flow at two values of 
mean pressure is made in table 7, taking Bo 
for CEY graphite to be 10718 cm?. 


5.2. PERMEABILITY-DENSITY RELATIONSHIP 


AND POROSITY 
Open porosity may be subdivided into 
“blind” porosity and “through” porosity, the 


Flow of nitrogen gas through CEY graphite and 
beryllia at mean pressure of 0.5 and 9.5 atmospheres 


_ Gas flow through beryllia 
Ratio ££ ——__+_—_—+—— 
Gas flow through graphite 
ge Mean pressure | Mean pressure 
Oro els 9.5 x 106 
dynes/cem2 dynes/em2 
Beryllia 2.81 g/cc aw 7 wz 60 
Beryllia 2.87 g/cc pw 0.25 w 1.0 


blind pores being connected to one surface only 
of the specimen and the through pores to two 
or more surfaces; only the through pores 
contribute to permeability. 

The viscous flow coefficients in tables 3 and 4 
are plotted in fig. 8 and show considerable 
scatter. This is to be expected in view of the 
complexity of the factors influencing permeabili- 
ty, and is not an unusual feature of permeability 
data. A pronounced deflection shows up at 
90 %-92 % theoretical density above which the 
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BeO with superimposed results for metals as reported 
in references °), 1°) and 1). 


permeability is a very sensitive function of 
density. The results agree well with those of 
Arthur 9:10:11) on metal powder compacts, also 
plotted in fig. 8, but are extended to higher 
relative density at which the permeability is 
much lower. 

It is clear that the viscous permeability 
coefficient tends to a negligible value at ~ 95 % 
theoretical density and no gas flow could be 
detected on the apparatus with a sample of 
96.5 % theoretical density. It may be inferred 
therefore that the through porosity is zero 
above a relative density of ~ 95 %. This is in 
agreement with data on metal powder com- 
pacts 9.10.11) which indicate the disappearance 
of open pores at ~ 95-97 % theoretical density. 

Data on the porosities of UOz compacts 12) 
also agree with the metal powder data on this 
point. From the permeability figures given here, 
and from the data on UO and on hot compacted 
and sintered metal compacts, it seems conclusive 
that the porosity curves for both metals and 
ceramics are similar and approximate in general 
to that shown in fig. 9. Within the accuracy of 
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the methods of measurement, these curves 
apply to both sintered and hot pressed materials. 

It cannot be decided from any of the reported 
data at which point even the smallest pores, 
allowing only Knudsen flow, are eliminated; 
it is quite possible that they exist even above 
97 % theoretical density. 


5.3. PoRE PROPERTIES 


Data on the pore properties can be obtained 
from eq. (4) below, which is a development of 
the Carman—Arnell equation 18) for viscous and 
slip flow in unconsolidated beds with uniform 
pore texture. 


2 406 i 
A et ee (4) 
where 


e=“Through” porosity (em3/cm?) 

m= Mean hydraulic radius (em) =(4+ Pore dia- 
meter, 4d) 

ko=Shape factor for viscous flow through non- 
circular capillaries 

q=Tortuosity Le/L where Le=average actual 
path length through the porous solid and 
L=length of specimen 

ki=Shape factor for slip and Knudsen flow in 
non-circular capillaries 

6=Constant which has values 
do0=1 for Knudsen flow and 
6:=0.6—0.9 for slip flow. 
= 4/8RT 
5 = (SE. 

The value of ko seems to vary from 2.0—2.5 14) 
although higher values have been reported 15), 
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but in most cases ko = 2.5 is generally accepted. 
Carman 16) has suggested that 6/k1 may be 
taken as 0.8 for both slip and Knudsen flow. 

Inserting these values and comparing with 


eq. (2) 


em? 
Bo = 35 (5) 
Ko=0.87 7. (6) 


From the data in table 5 for various gases, 
a mean hydraulic radius of 0.33 mw and a 
tortuosity q=20 is calculated. 

The mean hydraulic radius (0.33 uw) cor- 
responds to a mean pore size of 1.3 ~ and the 
tortuosity value is the highest which has been 
noted. There is confirmatory evidence to 
indicate that this pore size is of the correct 
order. Although a pore size distribution experi- 
ment could not be carried out because of the 
specimen size, experiments on another specimen 
of the same density gave the results shown in 
fig. 10. This shows the average pore entrance 
diameter to be of the order of 1 uw. 

_ No data have previously been reported on a 
material of such high relative density and on 
that account the very high tortuosity is not 
unexpected. This is not to be taken literally 
however as meaning an increase in the actual 
path length of ~ 20 times the specimen length 
as it also includes loss of pressure head due to 
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Fig. 10. Pore size distribution for hot pressed 
beryllia, density 2.81 g/cc. 


133 


local expansion and contractions of the gas 
because of pore constrictions. 

Instead of the fraction of pores being con- 
sidered, the number of pores of given size and 
tortuosity may be considered and eq. (4) con- 
verted into the Adzumi equation 1”), modified for 
non-circular, tortuous capillaries. The resulting 
equation is as follows: 


er Ree 7 
Tee (7) 


where Lo=nr4 and Fo=nr?, n being the number 
of capillaries per cm? of cross section and 1, 
the mean capillary radius. It may be deduced 
that 


Eo 
Lr ee 


i and n= 


From the data for specimen B in table 5, 
values of r and n are calculated as 0.655 uw and 
7.200 respectively. Two points may be noted 
with regard to these values: 

(1) For CEY graphite, the respective values 
are r<0.0083 w and »~11xX108. There is 
therefore a great difference in pore structure 
between the two materials, flow through the 
graphite taking place in a very large number of 
very small pores — hence the predominance of 
slip flow in the graphite. 

(2) The number of through pores in the 
beryllia is relatively small — on a linear basis, 
one pore every 117 microns. This is a much 
greater distance than the grain diameter 
(~ 20 w). This result was confirmed only to the 
extent that micro-examination showed the 
distribution of pores to be non-uniform. Tests 
on other specimens, by mercury porosimetry, 
have also shown a marked non-uniformity of 
pore distribution in hot pressed beryllia. These 
observations suggest that the permeability is 
due to small volumes of the specimen with a 
density lower than that calculated for the bulk 
specimen. Such a pore structure could form by 
local internal shrinkage in the early stages of the 
fabrication process, as has been suggested for 
sintered beryllia 18). 
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5.4. OCCURRENCE OF A MINIMUM IN THE 
PERMEABILITY PLOT 


As the mean free path of the permeating gas 
increases and becomes greater than the mean 
pore diameter, viscous and slip flow give way 
to Knudsen flow. With long single capillaries a 
minimum has been noted 4) in the permeability 
plot in the region where Knudsen flow becomes 
predominant, as in fig. lla and this has been 
accounted for on the basis of greater efficiency 
of the Knudsen process. Thus for slip flow: 


K=hoydeb (8) 


where 6; is a constant for a given system but has 
values ranging from 0.6—0.9. For Knudsen flow: 


K=odeb (9) 


where 69 = 1. Between these limits 6 varies with 
pressure and thus gives rise to a minimum in 
the permeability plot with K having the limiting 
value for Knudsen flow at zero pressure. 

For gas flow in porous media, Pollard and 
Present 19) have predicted that a minimum will 
not be observed, since in these materials the 
“capillaries” will be made up of short straight 
sections whose length is such that mean free 
paths much greater than the pore diameter 
will not exist. However, this work, and work 
recently published ”) show that in ceramics and 
graphite a minimum may be observed, and that 
in the same materials, but not the same 
specimen, a horizontal portion sometimes shows 
up rather than the minimum”). This suggests 
that in these media the “capillaries” are 
sufficiently long for the Knudsen effect to be 
noted, and it seems not unreasonable to take a 
grain diameter for this length. For specimen B, 
the grain diameter is ~ 20 w and I/de is there- 
fore ~ 20 where / is the capillary length and 
de is the diameter. 

To account for a minimum in some cases and 
a horizontal portion in others, it seems likely, 
as already suggested ’), that pore size distribu- 
tion may have some influence. It is the purpose 
of this last section to show how this may arise 
on the basis of the explanation given above for 
the minimum in single capillaries. 
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The Adzumi equation may be generalised 
as follows for a pore size distribution. 
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where 7; is the number of pores of tortuosity 
q and radius 7; etc. per cm?. For the Knudsen 
range, the expression is 


2 200 
R= 3 ok, 


D(ny7r13 + Nere3 + ...----) (11) 
where k, is the shape factor for Knudsen flow 
through non-circular capillaries. The Knudsen 
expression is identical to the slip flow expression 
in eq. (10) but for the substitution of 60/k1 for 
61. The Knudsen coefficient will therefore be 
the greater if do/ki>61. As already noted 
69 =1 and 6,;=0.6—0.9 but the value of k, is 
somewhat indeterminate 2°). Knudsen has sug- 
gested a general formula for flow in short 
capillaries and this appears to give reasonable 
correlation with existing data ?°). 


n=1+ 2%. (12) 
For specimen B, taking 1/=20 uw and m=0.35 yu, 
as previously calculated, this gives k;=1.094 
and therefore if 6; < 0.9, the Knudsen coefficient, 
will be greater than the slip coefficient. 
Assuming that this condition is fulfilled, then 
if the pore size distribution is wide, successive 
ranges of pores will come into the Knudsen 
range aS measurements are taken at decreasing 
values of mean pressure and a minimum will 
show up on the permeability plot, as in fig. lla. 
Alternatively if the pore size distribution is 
narrow, or the pores all of one size, and measure- 
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Fig. 11. Observed types of permeability plot. 
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ments are taken at increments of mean pressure 
such that at one pressure, no Knudsen flow is 
occurring while at the next (lower) pressure, 
Knudsen flow is occurring in all pores, then a 
horizontal plot, fig. 11b, results. If of course 
there is a negligible difference between 6; and 
6o/ki1, a horizontal plot will result, irrespective 
of pore size distribution. 

To test this explanation a calculation has 
been made of the permeability of the pore 
system shown in fig. 10. These data were taken 
on a specimen of the same density as specimen 
B, the permeability curve for which is given in 
fig. 7. For the calculation it is assumed that 
61=0.6, kj =1.094, that Knudsen flow occurs 
when the mean free path of the gas becomes 
greater than the mean pore diameter and that 
the tortuosity ¢= 20, as calculated for specimen 
B. This gives the permeability coefficients for 
the flow of nitrogen gas at 20°C as follows. 


eaten na, = 0.88 x 102 (mi71* + Merrett... .)p (13) 
Kaip  =2.96X 103 (miri3+neree+....) (14) 
K xnudsen = 4.50 108 (my713 + nero? +....). (15) 


The pore distribution of fig. 10 obtained by 
mercury porosimetry strictly refers to the pore 
entrance diameter but gives no information 
about the uniformity or otherwise of the pore 
diameter. However, for the purpose of the 
calculation made here, it is assumed that the 
data actually represent the diameters of uni- 
form, though tortuous, pores passing through 
the specimen. The calculated numbers of pores 


TABLE 8 


Calculated numbers of pores for pore distribution of 


fig. 10 
Size range No. of pores | No. of pores for 
(u) per cm? permeability 

0.1—0.2 63 630 21 210 
0.2-0.3 25 620 8 540 
0.3-0.4 10 500 3 500 
0.4-0.5 3 822 1 274 
0.5—0.6 2 646 882 
0.6—0.7 1 218 406 
0.7—0.8 5 460 1 820 
0.8-0.9 2 342 781 
0.9-1.0 TO 637 
1.0-1.1 2 625 878 
1.1-1.2 2 215 738 
1.2-1.3 1 890 630 
1.3-1.4 1.943 647 
1.4-1.5 1 554 518 
1.5-1.6 1 732 577 
1.6-1.7 1 984 661 
1.7-1.8 1 764 588 
1.8-1.9 441 147 

Total 133 297 44 434 


for different size ranges are shown in table 8. 
It is further assumed that the specimen is 
uniform with regard to its pore structure. Le. 
there are equal numbers of pores of the same 
size passing through the specimen in any 
direction. Undoubtedly this assumption cannot 
be correct as the method of fabrication could 
lead to preferred alignment of pores and the 
non-uniformity of pore distribution quoted 
earlier is further evidence against it. Never- 
theless, in the absence of detailed knowledge of 
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pore density in different directions it is assumed 
that 4 of the total pores contributes to per- 
meability in one direction. 

The calculated permeability curve from the 
above data is compared with the experimental 
one for specimen B in fig. 12 and shows good 
agreement. There is, however, a major dis- 
crepancy between the number of pores quoted 
in table 8, 44434, and the number calculated 
from the permeability data for specimen B, 
7200. Permeability data however, are weighted 
in favour of the larger pores since these carry 
most of the gas. Thus, in table 8 the pores up 
to 0.6 w (35406) contribute only ~ 3 % to the 
total gas flow. The larger pores, 9028 in number, 
account for the rest of the gas, and this number 
isin much better agreement with that calculated 
from the measured permeability. An alternative 
explanation of the discrepancy in pore numbers 
lies in the fact that mercury porosimetry 
measures pores connected only to one surface 
of the specimen as well as those which go through 
the specimen and the large majority of those 
noted in table 8 could belong to that category. 


6. Conclusions 


1. The permeability coefficients Bo and Ko 
for a hot pressed beryllia specimen of density 
2.81 g/cc have been found to have the values 
2.08 X 10-15 cm? and 1.27 x 10-19 cm respect- 
ively. This gives gas flow rates higher than the 
best published data on graphite (CEY graphite). 
A higher density beryllia specimen (2.87 g/cc) 
was found to be comparable with CEY graphite 
in this respect. It is not expected that the 
permeability coefficients quoted here will apply 
to all beryllia of the same density, since grain 
size and method of fabrication are likely to have 
some influence. 

2. The viscous permeability coefficient— 
density relationship has been shown to be 
similar to that for metal powder compacts over 
a limited range of density, and the coefficient 
tends to a negligible value at ~ 95 °% theoretical 
density. From data on metal powders, sintered 
UOz and hot pressed beryllia, it is concluded 
that the open porosity becomes zero at approx- 
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imately 95-97 °% theoretical density as a general 
feature of bodies fabricated from powder. 

3. The mean pore size calculated from 
permeability data for a specimen of density 
2.81 g/cc is ~ 1.3 mw, in reasonable agreement 
with porosimetry data taken on a different 
specimen of the same density. The concentration 
of through pores is calculated as 7200/em? which 
compares with a low permeability graphite 
(CEY) having ~ 11108 pores/em? of dia- 
meter <0.01 yp. 

4. The permeability data and other evidence 
indicate that hot pressed beryllia shows local 
and considerable variations in density, so that 
a specimen of given density is composed of 
several regions of different density. This explains 
the relatively small concentration of pores. 

5. Aminimum has been noted at low pressure 
in the permeability plot K vs p for a specimen 
of density 2.81 g/cc and an explanation has 
been put forward for this and another type 
of observed plot on the basis of pore size 
distribution. 
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Low load indentation hardness measurements on 
beryllium are markedly dependent on orientation and 
surface condition. Machining produces a uniform 
surface layer with a hardness of 300 DPN on both 
single and- polycrystalline beryllium. Removal by 
etching of 0.02 em (0.008 in.) of surface reveals the 
marked crystallographic dependence viz 230 DPN on 
the basal plane and 70 DPN on prism plane for a 
single crystal, and 300-170 DPN depending on the 
angle of testing relative to the surface for highly 
oriented sheet. These variations can be related to the 
operative deformation mechanisms in a single crystal 
and the preferred orientation in the sheet. Similar, 
but less marked effects are found in less highly 
oriented sheet, tube and rod; in all cases the maximum 
hardness corresponds to the greatest concentration 
of basal planes. 

Rotation of the diamond indenter in the basal plane 
of a single crystal gives no variation in hardness, but 
in both first and second order prism planes, there is 
a distinct variation which can be related to the 
beryllium crystal structure. 


L’orientation et l’état de surface du béryllium in- 
fluencent fortement les mesures de dureté sous faible 
charge. L’usinage donne une couche _ superficielle 
uniforme d’une dureté de 300 DPN, sur les mono- 
cristaux comme sur les polycristaux de béryllium. Si 
par attaque, on enléve 0,2 mm, on constate l’influence 
de la structure cristalline: lon mesure 230 DPN sur 
le plan de base et 70 DPN sur le plan prismatique pour 
un monocristal et 300-170 DPN selon Vangle d’essai 
par rapport a la surface pour une tdle fortement 
orientée. Ces variations peuvent étre reliées aux 
mécanismes de déformation opérant dans un mono- 
cristal et a Vorientation préférentielle dans la tdle. 
De méme, dans des téles fortement orientées, dans des 


1. Introduction 
Beryllium single crystals have markedly 


anisotropic plastic properties!) and those of 
highly oriented polycrystalline beryllium are 


tubes et des barres, on a pu observer des effets simi- 
laires, quoique moins marqués. Dans tout les cas, la 
dureté maximale, correspond a la plus grande concen- 
tration de plans de base dans la texture. 

La rotation du pénétrateur en diamant dans le plan 
de base d’un monocristal ne donne aucune variation 
dans la dureté, mais a la fois dans les plans du prisme 
de premier et de second ordre, il y a une variation 
distincte qu’on peut relier a la structure cristalline 
du béryllium. 


Ergebnisse von Kleinlasthartemessungen an Beryllium 
werden in ausgepragtem Mae von der Kristall- 
orientierung und dem Oberflachenzustand beeinflusst. 
Durch spanabhebende Bearbeitung wird auf Hin- 
kristallen und Vielkristallen eine Oberflachenschicht 
einheitlicher Vickersharte von 300 DPN erzeugt. 
Nach Abatzen einer 0,02 em dicken Oberflachenschicht 
tritt die ausgepragte Orientierungsabhangigkeit auf. 
So werden an Einkristallen auf der Basisflache 230, 
auf einer Prismenfliche 70 DPN festgestellt, wahrend 
bei stark texturhaltigem Blech je nach GréBe des mit 
der Oberflache eingeschlossenen Winkels Werte 
zwischen 300 und 170 DPN zu finden sind. Diese 
Unterschiede lassen sich mit dem wirksamen Ver- 
formungsmechanismus eines Einkristalls und mit der 
vorhandenen Kristallorientierung des Bleches in 
Zusammenhang bringen. Ahnliche, weniger deutliche 
Effekte wurden in schwicher texturhaltigen Blechen, 
Rohren und Staben gefunden. Dabei ergaben sich stets 
die gréBten Hartewerte, wenn von der Messung die 
meisten Basisebenen erfasst wurden. 

Eine Rotation des Diamant-Priifkérpers in der 
Basisebene von Einkristallen bringt keine Anderung 
der Hartewerte. Dagegen ergibt sich in den Prismen- 
flachen eine eindeutige Abhangigkeit, die mit der 
Struktur des Berylliums zu erklaren ist. 


also markedly dependent upon the direction of 
testing 2» 3). Indentation hardness values have 
previously been reported !) for beryllium single 
crystals and extruded rods. In a single crystal 


138 


LOW LOAD INDENTATION HARDNESS 


the basal plane was harder than the prism plane, 
and in an extruded rod, indentation parallel to 
the direction of extrusion (i.e. indentation into 
a concentration of prism planes) gave a lower 
hardness value than indentation at right angles 
to it (i.e. into a concentration of basal planes). 

A detailed survey of the varation in low load 
indentation hardness values with direction of 
indentation for a single crystal and for sheet, 
rod and tube beryllium of known textures and 
varying surface condition is described in the 
following sections. 


2. Experimental method 


A Tukon automatic hardness tester which 
applies loads from 50g up to 3 kg for a constant 
time of 15 sec was used throughout the investi- 
gations to be described. Preliminary experiments 
showed that there was a sharp rise in the scatter 
of results when the load was reduced below 
200 g, so this load was used for the majority of 
tests. A similar limiting load for consistent 
results has been reported 4) for other metals. 
Using a load of 200 g, the automatic application 
of the load for a time of 15 sec was found to be 
adequate for attainment of equilibrium. Longer 
times of application (up to 1 hour) gave no 
measurable increase in the size of the impression. 

A Knoop 5) diamond indenter, which gives 
an indent with the outline of a parallelogram 
in which the longer diagonal is approximately 
seven times the length of the shorter one, was 
used. The hardness values were obtained from 
measurements of the long diagonals. The results 
obtained were in every case the mean of five 
indentations obtained under identical condi- 
tions. 

Cylindrical specimens were used in the investi- 
gation of the variation of hardness with the 
plane of indentation. The cylinders, approxi- 
mately 2.5 cm long by 0.38 cm diameter, were 
machined on a jeweller’s lathe and polished by 
rotation in contact with strips of emery paper 
soaked in paraffin, followed by a final light 
electropolish. The longer diagonal of the indenter 
was aligned parallel to the axis of the cylindrical 
specimen which was held in position in a Vee 
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groove in a steel block. Flat specimens, ground 
to expose the required surface, and polished on 
anormal series of metallographic emery papers 
soaked in paraffin were used to study variation 
of hardness with direction of test in a single 
plane; a brief electropolish was necessary to 
obtain a suitably flat surface to give “as 
machined”’ hardness values. To investigate the 
effect of surface condition, further electrolytic 
polishing was carried out on all the specimens. 
An electrolyte containing 40 % glycerol, 35 % 
orthophosphorie acid and 25 °% sulphuric acid, 
which had been previously saturated with 
beryllium using a current density of 0.3 amps/ 
cm2, gave a bright smooth surface without 
pitting even after removal of 250 wu of metal. 

A cylinder was machined from a single crystal 
(supplied by AWRE Aldermaston) with its axis 
parallel to a [1010] direction. Hardness values 
were obtained at intervals of 10° round the 
circumference of the cylinder, firstly in the 
as-machined and polished condition and sub- 
sequently after removal of successive surface 
layers approximately 25 w thick until a total 
of 250 uw of metal had been removed by elec- 
trolytic etching. The location of the (0001) basal 
plane was checked by Laue X-ray reflection 
photographs. The amount of asterism in these 
photographs also gave an indication of the 
amount of work hardening in the cylinder. 

Flat specimens were ground from the single 
crystal with surfaces parallel to the (0001) basal 
plane and to (1010) and (1120) prism planes, 
to determine hardness variations with the 
direction of test in these planes, both as-polished 
and after removal of 250 u of metal from the 
surface. The macro-hardness of the basal and 
prism planes was also determined using a load 
of 2 kg. 

Cylinders were machined from sintered bar 
(provided by the UKAEA Industrial Group, 
Springfields) to obtain hardness values repre- 
sentative of polycrystalline beryllium having 
little or no preferred orientation. 

The hardness of two types of sheet beryllium 
was studied. The first sheet was made by cross- 
rolling a piece of extruded flat beryllium 
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TABLE 1 


Fabrication details of the beryllium sheet, rod and tube 


Hecrersnce ee Extrusion Details 
Number form 
Fe ee 

1 Sheet Cold compacted powder extruded at 
1050° C in a steel sheath to a flat 
bar (redn. in area 12:1) 

2 Sheet aaa 

3 Rod Cold compacted powder extruded at 
1050° C to a round bar (redn. in 
area 20:1) 

4 Tube Vacuum hot pressed billet extruded at 
500° C to a tube (redn. in area 6:1) 

5 Tube Sintered billet extruded to tube at 
800° C (redn. in area 12:1) 

6 Tube Sintered billet extruded to tube at 
850° C (redn. in area 25:1) 

7 Tube Sintered billet extruded to rod at 
1050° C (20:1 redn. in area) rod 
drilled and re-extruded to tube at 
850° C (12:1 redn. in area) 

8 Tube Cold compacted powder extruded at 
1050° C (50:1 redn. in area) 


(table 1) and showed a very strong “‘basal plane 
layer texture’ with also a very marked align- 
ment of (1010) prism planes at right angles to 
the rolling direction. Cylinders were machined 
with axes parallel to maximum concentrations 
of [1010] and [1120] directions and indentations 
made at 10° intervals around the circumference 
after removal of up to 200 uw of metal from the 
surface by etching. Since the sheet texture was 
so marked, corresponding to a “‘pseudo single 
crystal”, these specimens were used for investi- 
gation of hardness changes due to testing 
direction in a given “crystal plane” in poly- 
crystalline material. A piece of the sheet surface 
(corresponding to a high concentration of basal 
planes) and a section through the sheet parallel 
to the rolling direction (corresponding to a high 


Rolling Details 


Flat bar re-canned in steel, heated to 
1050° © and rolled at right angles 
to the extrusion direction (reduction 
in thickness 5:1) 


Cold compacted and die forged at 
1050° C under 10 tsi pressure 
reduced 33 % in the cross-direction 
and 80 % in the longitudinal direc- 
tion by rolling at 1000° C 


| 


concentration of (1120) prism planes) were 
polished and 250 w. of surface removed by 
etching. By rotating the long diagonal of the 
indenter through 10° after each indent, the 
variation of hardness with direction in these 
two planes was obtained. The macrohardness 
under a load of 2 kg was also determined for 
these two surfaces. 

The second sheet had been rolled from a hot 
forged block (see table 1 for details). The pole 
figure shows a high concentration of basal 
planes almost parallel to the sheet surface but 
no marked prism plane texture. A cylinder cut 
from the sheet parallel to the rolling direction 
was polished and indented, 130 mw of surface 
removed by etching, and the hardness redeter- 
mined. 
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« is the angle between the direction of indentation & the [0001] direction. 


Fig. 1. Hardness variation on rotation of a single crystal cylinder about a [1010] axis. 
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Five extruded tubes and one rod were studied, 
all fabricated from powder by the routes 
detailed in table 1. The tubes had thin walls 
(0.08—0.2 em) so sections 0.5 cm wide by 2.5 cm. 
long were cut from the walls and up to five of 
these sections glued together to provide a blank 
sufficiently thick to be machined to a cylinder 
0.38 em diameter. After polishing, these cylin- 
ders were indented at intervals up to 30° around 
the circumference and this was repeated after 
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removal of 80 u and 200 w. from the surface by 
electrolytic etching. Indentation at 10° intervals 
about a direction at right angles to the ex- 
trusion direction was carried out on the ex- 
truded rod. 

Textures in the beryllium sheets, rod and 
determined using a 


tubes examined were 


modified Norton Scan 6) technique. The com- 
bined scans from a number of specimens cut at 
different angles enabled complete (0001) and 


a. Machined cylinder 


J 


b. Cleavage fragment 


Fig. 2. 


u removed from surface 


ce. Machined cylinder, 50 


v’ 


i 


d. Machined cylinder, 250 mu removed from surface 


Laue X-ray photographs along [0001] axis. 
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{1010} pole figures to be plotted for sheet. For 
tubes, cylindrical specimens could only be 
taken with axes parallel to the extrusion direc- 
tion, consequently information on tubes was 
restricted to variations in the basal plane 
texture about the direction of extrusion. 


3. Results 


The hardness values are quoted as Diamond 
Pyramid Numbers for ease of comparison with 
other work. The Knoop hardness value for each 
impression was first calculated from the meas- 
ured length of the longer diagonal, using the 
formula: es 

Cp 


I =Knoop hardness number 

L =Load in kg 

| =Length of the long diagonal of the impres- 
sion in mm 

Cp=a constant = 7.028 x 10-2. 


This Knoop hardness number was then con- 
verted to Diamond Pyramid Hardness 7). The 
conversion factor was checked by testing the 
same beryllium surface using the two indenters 
each under 200 g load (table 2). 


3.1. SINGLE CRYSTAL BERYLLIUM 


The variation in hardness values with inden- 
tation angle « relative to the basal plane is 
shown in figs. la-d for a beryllium cylinder 
machined from the single crystal so that the 
cylinder axis was parallel to a [1010] direction. 
Figs. la—d are plotted in both cartesian and 
polar co-ordinates since the cylindrical speci- 
mens facilitate plotting on the polar system. 
The location of the basal plane was checked by 
the Laue X-ray reflection pattern. 
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Fig. la shows the hardness values obtained 
from the polished cylinder. The corresponding 
Laue photograph (fig. 2a) taken with the X-ray 
beam along the [0001] axis reveals considerable 
asterism compared with a similar photograph 
(fig. 2b) taken from a cleaved basal surface. 
Removal of 50 mw of surface by electrolytic 
etching reduced the asterism in the Laue pattern 
(fig. 2c) and the corresponding hardness varia- 
tions are shown in fig. lb. Removal of 130 wu. 
from the surface of the cylinder gave the 
hardness pattern shown in fig. le while removal 
of a total of 250 uw of metal from the surface by 
electrolytic etching gave the hardness variations 
shown in fig. 1d and the corresponding Laue 
pattern in fig. 2d which is similar to the pattern 
from a cleaved surface (fig. 2b). The progressive 
effect of etching upon the hardness values for 
the (0001) basal plane and a (1120) prism plane 
is shown in fig. 4. 

The variations of hardness with the direction 
of the longer diagonal for surfaces parallel to 
the (0001) basal, (1010) prism and (1120) prism 
planes, which had been polished and electro- 
lytically etched to remove 250 uw of metal from 
the surface, are given in fig. 5. 

Indentation of the basal (0001) plane caused 
twinning (fig. 3a) while the prism plane inden- 
tations were accommodated by deformation 
which manifested itself as wavy lines (fig. 3b). 
The macro-hardness (2 kg load) of the basal 
(0001), and prism (1010), planes given in table 3. 


3.2. POLYCRYSTALLINE BERYLLIUM 


The hardness values obtained from cylinders 
of sintered beryllium, as polished, and after 
removal by electrolytic etching of 25 w and 


TABLE 2 


Conversion of Knoop results to Diamond Pyramid Hardness 


Knoop result converted 7) to DPN 


Indentation into a (1010) prism (a) 
crystal plane (b) 


Measured 136° 
Diamond 
Hardness 
parallel to [1120] direction 88-91 92 
right angles to (a) 73-82 86 
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TABLE 3 


Hardness Values using a load of 2000 g 


Single Crystal: Basal (0001) plane — 184 DPN (230) 
Prism (1010) plane — 82 DPN (90) f 
(impression in [1120] direction) 


Sheet 1 (table 1) Surface — 300 DPN (300) f+ 
Section through the sheet (rolling direction) — 180 DPN 
(160) + indenter perpendicular to the sheet surface 


+ The figures in brackets are the values for a 
load of 200 g. 


200 uw of metal from the surface, are plotted 
in fig. 6. 

The results for cylinders taken from beryllium 
sheet, after removal of up to 200 uw. from the 
surface, are plotted in figs. 7 and 8. Each graph 
of hardness values is accompanied by the 
relevant plot of basal plane distributions and 
the complete sheet pole figures are also plotted 
in fig. 12. Fig. 8e shows the results from the 
highly oriented sheet obtained by rotation of 
the indenter both in the sheet plane and in a 
plane at right angles to it. The macro-hardness 
(2 kg load) of the sheet surface, and of a section 
through the sheet, are given in table 3. 

The results for beryllium cylinders made from 
tubes are shown in fig. 9; the specimens were 
indented after electrolytic removal of 200 wu of 
metal surface. The appropriate Norton scan 
of basal plane intensities is recorded with the 
indentation hardness results. 

The results for the cylinder machined from 
an extruded rod (No. 3, table 1) are plotted in 
fig. 10 together with the Norton scan results. 


4. Discussion 


The indentation of a metal surface is a com- 
plex deformation process which entails a com- 
bination of both compressive and shear strain. 
Tabor 2°) states that the indentation of an ideal 
plastic solid by a pyramidal indenter involves 
theoretical problems which have not yet been 
satisfactorily resolved. The hardness numbers 
from a Knoop or 136° pyramid impression are 
obtained by measurement of the diagonals of 
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a. Basal plane indentation, showing extensive twinning 


b. Prism plane indentation 


Fig. 3. Knoop impressions in a beryllium crystal. 
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Fig. 4. Hardness variation on etching a single crystal. 
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the impression after removal of the load. The 
projected area of the impression is calculated 
from this measured length and the shape of the 
diamond indenter, and corresponds to the area 
of metal surface which is in contact with the 
indenter during indentation 4). The hardness 
number, obtained by dividing the applied load 
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by this projected area, is thus a measure of the 
pressure needed to deform the metal. Using the 
solution proposed by Hill, Lee and Tupper 2) 
for an infinite wedge pressing into a material 
which does not work harden, Tabor 2%) has 
shown that this pressure is approximately three 
times the yield stress of the metal. This is borne 
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Fig. 6. Hardness variation round a sintered bar. 
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out by his macro-hardness measurements on both 
annealed and fully work-hardened materials. 

As an alternative approach, the resistance of 
metal to deformation may be considered to 
depend on the deformation modes available, 
their yield stresses, the rate of strain hardening 
and the amount of strain present in the metal 
surface initially. Any surface strain increases 
the resistance of the metal to deformation and 
thus reduces the volume displaced by a given 
load. Hence, it is to be expected that work 
hardening would affect the crystallographic 
dependence of the indentation hardness. Figs. | 
and 4 show that a heavily work-hardened single 
crystal surface was virtually isotropic, the 
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removal of 25 mw of surface was sufficient to 
indicate a difference in hardness dependent on 
the plane of indentation, but at least 200 w of 
metal had to be removed before maximum 
variation was obtained. The cylindrical speci- 
men had been machined using a carbide tipped 
tool with very light cuts, but the work hardening 
induced by this treatment (fig. 4) had been 
sufficient to increase the basal plane hardness 
by 70 DPN and the prism plane hardness by 
210 DPN to give a surface layer which com- 
pletely masked any crystallographic variations. 
Similar effects have been reported 4) for other 
metals but normally the maximum depth of the 
work hardened layers was from 25-130 uw, so 
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c. Intensity of X-rays diffracted from basal planes. 


Fig. 7. Variations in hardness and preferred orientation on rotation of a cylinder with axis at right angles 
to the rolling direction in sheet 2 (table 1). 
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d. Intensity of basal plane X-ray diffraction signal 


Figs. 8a-d. Show rotation of a cylinder with axis parallel to the extrusion direction. 
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Fig. 8e. Hardness variation on rotation in sheet 1 (table 1) 


Fig. 8. Variations in hardness and preferred orientation in sheet 1 (table 1). 
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Fig. 9. Variations in hardness and preferred orientation on rotation of cylinders with axes parallel to the 
extrusion direction of tubes (after etching away 200 w of surface). 
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Variations in hardness and preferred orientation on rotation of cylinders with axis parallel to the 


extrusion direction of tubes (after etching away 200 mw of surface). 
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Variations in hardness and preferred orientation in an extruded rod [rotation of a cylinder cut with 
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that beryllium is unusual in work hardening to 
a depth of 200 w. The disturbances of the 
diffraction pattern obtained in the Laue photo- 
graphs (fig. 2) show that the work hardening 
has caused lattice distortion. 

Once the masking effect of work hardening 
had been removed, the hardness variation with 
crystal planes in beryllium was very apparent. 
Indentation into the (0001) basal plane gave a 
hardness of 230 DPN whilst a (1120) prism plane 
gave 90 DPN. 

The results of other investigations §) suggest 
that the average hardness value for body 
centred cubic metals may be independent of 
the plane tested; whereas in hexagonal metals 
there is strong evidence of hardness variations 
due to the orientation. Perhaps the most con- 
clusive work on hardness variation with orienta- 
tion was that carried out by Daniels and Dunn °). 
They deeply etched single crystals of zinc and 
carried out hardness tests using a Knoop 
indenter. The hardness values varied from 32.9 
on a (1450) face to 16.7 on a (0001) face. 

The curve plotted in fig. 1d shows the variation 
in hardness with inclination of the basal (0001) 
plane in a beryllium crystal about a [1010] 
direction. There is very little fall in hardness 
from the maximum of 220 DPN for indentation 
of the basal (0001) plane until the indenter is 
inclined at more than 20° to the [0001] direc- 
tion; greater inclination causes a very rapid 
fall (~ 3 DPN/degree of inclination) until the 
inclination of the indenter is only 20° to the 
[1120] direction, when there is very little 
further fall to the minimum of 90 DPN corre- 
sponding to indentation into the (1120) plane. 

This wide variation in hardness is a mani- 
festation of the extreme anisotropy in plastic 
properties of the beryllium single crystal. At 
room temperature only three deformation 
mechanisms have been found in the beryllium 
crystal 1°); slip on {1010} planes in <1120) 
directions in either tension or compression, slip 
on (0001) planes in <1120) directions in com- 
pression only (tensile slip leads to immediate 
fracture) and {1012} twinning along <1011) 
shear directions. The deformation consequent 
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upon indentation must therefore be accommo- 
dated by these mechanisms. 

The variation in hardness with angle of 
indentation « relative to the [0001] basal pole 
should be related to the operation of the 
possible modes of deformation. It is likely that 
the twinning (fig. 3a) by which indentation into 
the (0001) basal plane is accommodated in- 
volves block movement of metal which may 
partly account for the smaller impression com- 
pared with the (1120) prism plane impression 
which appears to be formed by slip (fig. 3b). 

Indentation by a Knoop indenter involves 
complex stress and strain systems and it does 
not seem possible to analyse the process in any 
detail; however a simplified approach can ex- 
plain quantitatively some of the variation in 
hardness encountered in beryllium. The only 
forces acting are assumed to be a compressive 
force perpendicular to each facet of the indenter. 
The work hardening of the metal during inden- 
tation is ignored together with frictional effects. 
For slip on {1010} prism planes, the angles 
between the normal to the indenter facet and 
the slip planes. (yi, v2, v3), and the appropriate 
slip directions; (A1, A2, As), were measured from 
polar diagrams for each of the four indenter 
facets. This was repeated for different values 
of « from 0°-90° corresponding to rotation of 
the direction of indentation about a [1010] 
direction in the single crystal. 

The shear stress S on a given crystal plane 
was obtained from the formula !%). 


S=o sin y cos A 


where o is the applied stress. Following Le 
Chatelier’s principle it was assumed that the 
(1010) plane on which slip actually occurs 
would be the one for which the value for sin y 
cos A was a maximum. Using this selective 
principle for each facet of the indenter and 
combining the four results for each value of «, 
the values for the sin x cos / factor were plotted 
in fig. 11 together with the corresponding values 
for the squares of the indentation lengths. 
For values of « from 30° to 90° to the [0001] 
direction the shapes of the two curves agree, 
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but for values smaller than 30° the indentation 
size is greater than predicted. The probable 
reason for this is that {1010} slip is not the 
predominant deformation mechanism at angles 
of less than 30° but a combination of (0001) 
basal slip and {1012} twinning has occurred to 
permit greater deformation. Microscopical ex- 
amination of the impressions revealed twinning 
as in fig. 3a occurring at angles up to 30°. 

Thus the hardness variation is apparently 
largely dependent on the variations in resolved 
shear stresses on the operative slip planes. 

The above treatment, however, is only com- 
parative. Calculation of the actual value of S, 
the applied shear stress on the {1010} planes, 
was made from the equation, o (the average 
normal stress on each facet of the indenter) 
being calculated from the applied load and the 
inclination of the indenter facet and using the 
value of sin y cos / obtained from fig. 11. For 
indentation into the (1120) prism plane (« = 90° 
in fig. 11) this calculation gave 


S=37 kg/sq mm. 


Measurements by Tuer and Kaufmann !°) 
of the critical resolved shear stress for the onset 
of {1010} slip gave a value of 6.6 kg/sq mm, i.e. 
approximately 4/¢ of the stress actually applied. 
The curves in fig. 11 show a good correlation 
for the variation in hardness with the resolved 
shear stress, but the actual value of applied 
stress is six time the critical shear stress. 

Work by Arbtin and Murphy 19) shows that 
the 0.2 % proof stress ranges from a quarter 
to a sixth of the Vickers Hardness Number 
depending on test conditions, for a variety of 
metals. This indicates that the resolved shear 
stresses calculated for beryllium are related to 
the critical resolved shear stress for {1010} slip 
by.a factor which is commonly found to relate 
the applied stress on polycrystalline metal in 
macro-hardness testing with the critical stress 
for the onset of plastic deformation in tension. 
This supports the hypothesis that {1010} slip is 
the operative deformation mechanism. 

In considering the case of indentation into 
the basal (0001) plane of a single crystal from 
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which the work-hardened surface has been 
removed, it has to be borne in mind that direct 
compression of a beryllium cylinder parallel to 
the (0001) plane is impossible at room tempera- 
ture. Loads up to 100 tons/in? are resisted 
elastically, whilst the application of considerably 
higher load causes explosive disintegration of 
the specimen into small fragments !!). Thus the 
hardness indentation in the (0001) basal plane 
must be accommodated by movements of the 
metal in directions other than that of inden- 
tation. Two likely deformation mechanisms are 
(0001) basal slip in any (1120) direction and 
{1012} twinning. The change in dimensions on 
twinning may be calculated by the following 
formula quoted from Schmidt and Boas !%). 


hilo =//(1 + 28 sin y* cos A* + s? sin? y*), 


where s is the twinning shear and */* are the 
angles between the stress direction and the 
twinning plane and shear vector respectively. 
For beryllium, 


$=0.186,. y*=47° 53’, A*= 29°19" 


and we have [ylo=1.12. 

Thus the maximum expansion in the [0001] 
direction is 12 % by {1012} twinning, while 
in the <1010> directions a contraction occurs. 
Indentation could therefore occur by a combi- 
nation of (0001) slip to move the metal parallel 
to the surface and {1012} twinning which raises 
the surface to accommodate the slipped metal. 
This hypothesis is supported by the appearance 
of twins around the indentation (fig. 3a). 

The rotation of the indenter in a given crystal 
plane has been used by a number of investi- 
gators to establish hardness variations with the 
direction of the diagonals of the indenter; the 
results have been conflicting. Early work by 
Meincke !4) showed considerable differences in 
scratch hardnesses in copper (2.0-5.0), alumi- 
nium (1.0-2.0) and zine (1.5-3.75). Mott and 
Ford 15) obtained large differences (650-1280 
units) from rotation of a Knoop indenter in 
single grains of annealed magnesium but rela- 
tively small variations of hardness from similar 
rotation in zine and aluminium. Daniels and 
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Dunn °) investigated the faces of silicon ferrite 
crystals using a Knoop indenter and found that 
the number of hardness maxima per rotation 
was related to the crystallographic symmetry of 
the plane indented. Vacher 16) and Grodzinsky !”) 
obtained comparable results from single crystals 
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of copper using Knoop and double cone in- 
denters respectively. Winton 18) using a Knoop 
indenter on cadmium and titanium found that 
the minimum hardness on a (1010) plane was 
related to the available glide directions. 

The graphs in fig. 5 show the effects of 
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otation on beryllium surfaces from which the 
vork-hardened layer had been removed corre- 
ponding to the (0001) basal plane (fig. 5a), and 
1010) prism plane (fig. 5b) and a (1120) prism 
lane (fig. 5c). The effect of direction of the 
ndenter in the (0001) basal plane on the 
adentation hardness value (fig. 5a) is negligible. 
"his may be due to the occurrence of twinning 
fig. 3a), since twinning is dependent only upon 
he energy dissipated during indentation. Also, 
f the four faces of the Knoop indenter are 
egarded as separate compression platens in- 
lined at the appropriate angle to the surface 
f the metal, the resolved shear stresses for 
1010} slip will vary very little with the direction 
f the longer diagonal. 

The variation of the resolved shear stress 
actor (i.e. sin y cos A) on the {1010} planes is 
onsiderable and this is plotted together with 
he variations in the square of the indentation 
ength in fig. lle for rotation of the indenter in 
. (1010) prism plane, the agreement between 
he two curves is only approximate, indicating 
hat other factors such as friction and strain 
ardening may also cause variations. In fig. 5b, 
he irregular dispersion of the peaks in the 
1010) plane is probably due to the axial ratio 
»f 1.56 which gives angles between the unit cell 
liagonals (see fig. 11b) on a (1010) plane of 65° 
und 115°, the measured dispersions of maxima 
we 70° + 5° and 110° + 5° in fig. 5b, while 
or the {1120} planes the angles between the 
init cell diagonals are 85° and 95° corresponding 
o a measured peak dispersion of 90° + 5° in 
ig. 5c. Hence the hardness peaks can be related 
o the lines of closest atomic packing in a given 
rystal plane. 

In the polycrystalline specimens tested, the 
1ardness variation was dependent on the degree 
f perfection of the preferred orientation. For 
he sintered cylinder there was very little 
referred orientation and the slight variations 
n hardness shown in fig. 6 are probably just 
catter of results. The effect of work hardening 
s shown in fig. 6, etching reducing the average 
ardness from 270 to 130 DPN by the removal 
f 200 uw of surface. 
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The pole figures (fig. 12) for sheet No. 1 
(table 1), made by cross rolling extruded flat 
beryllium, reveal a very strong texture so that 
the properties of this sheet may be expected to 
be analogous to that of a single crystal of beryl- 
lium in which the basal plane is the sheet 
surface and a [1010] direction corresponds to 
the direction of extrusion. After machining and 
slight etching, cylinders with axes parallel to 
concentrations of [1010] and [1120] directions 
gave hardness values ranging from 290-230 
DPN (fig. 8a) but without any regular variations. 
Thus the effect of work hardening on poly- 
crystalline beryllium is to produce an almost 
uniform surface with some scatter of hardness 
about a mean of 300 DPN i.e. almost identical 
with the single crystal results. Etching of the 
surface reveals the crystallographic dependence 
of the hardness but this does not appear until 
130 w of surface have been removed showing 
that the completely work hardened surface 
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Fig. 12. Pole figures for beryllium sheets 1 and 2. 
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extends to a greater depth in a highly oriented 
beryllium sheet than in a single crystal. Removal 
of 200 u of metal is necessary to achieve the 
maximum difference from 170 DPN for inden- 
tation into a (1010) prism plane (with the longer 
diagonal of the indenter parallel to a [1120] 
direction) to 290 DPN for the (0001) basal 
plane; this compares with 100 DPN —> 230 DPN 
for a single crystal. Thus the hardness difference 
of 120 DPN is almost identical with the differ- 
ence of 130 DPN for the single crystal. The 
presence of the grain boundaries in a highly 
oriented sheet merely serves to raise the hardness 
figures on the basal and prism planes; the 
difference in hardness between the planes in this 
sheet is identical with the difference in a single 
crystal. Fig. 8c indicates that other charac- 
teristics may also be different in the case of 
polycrystalline material since the form of these 
curves differs appreciably from those in fig. 1d. 

The rotation of the indenter in the surface 
of sheet No. 1 (table 1) gave very little variation 
in hardness (fig. 8e), in accord with the findings 
for the single crystal basal plane (fig. 5a). 
Indentation of a plane at right angles to the 
sheet surface into a high concentration of (1120) 
prism planes gave a result similar on rotation 
of the indenter (fig. 8e) to that obtained from 
a (1120) plane in a single crystal (fig. 5¢); with 
the difference that the sheet hardness ranges 
from 160-220 DPN, compared with 70-120 DPN 
for the single crystal. As far as hardness varia- 
tions are concerned, the highly oriented sheet 
No. 1 (table 1) therefore can accurately be called 
a “‘pseudo single crystal’. 

The results for tube in fig. 9 show that, for 
finding variations in basal plane texture in 
beryllium, the low load indentation hardness 
test is somewhat less sensitive than X-ray 
diffraction. In the case of a warm extruded tube 
(No. 4, table 1), the removal of 200 wu of surface 
only gives a drop from 230 DPN to 190 DPN 
for the minimum hardness figures recorded, the 
maximum remaining at 290 DPN, and no clear 
pattern of hardness variation is visible. With 
greater reduction (Tubes 5 and 6, table 1) at 
higher temperatures, the basal plane texture 
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is more marked (figs. 9b and c). This causes 
more distinct hardness variations, from maxima 
of 300 DPN to minima of 200 DPN; however 
the change in the basal plane texture from tube 
5 (12:1 reduction) to tube 6 (25:1 reduction) 
has not materially affected the shape of the 
hardness curves. Thus the indentation hardness 
is not sensitive to small variations in texture. 

In the case of tubes 7 and 8 (figs. 9d and e) 
which have each had greater reductions in 
extrusion (table 1) the texture peaks are well 
defined. The peaks in hardness values do not 
correspond exactly although there is a general 
similarity. In the case of tube 8 where there is 
a marked texture (fig. 9e) the hardness difference 
is from 250 DPN tangentially (corresponding to 
indentation into a high concentration of basal 
planes) to 160 DPN radially (prism plane con- 
centration); approaching the differences found 
in single crystal and highly oriented sheet 
beryllium. 

The results given in table 3 for an applied 
load of 2 kg are very similar to the low load 
(200 g) results obtained on the same specimens 
indicating that the applied load has little effect 
on the crystallographic dependence of hardness. 


5. Conclusions 


There is considerable variation in the low 
load indentation hardness depending both on 
the residual strain and the direction of inden- 
tation in both single crystal and oriented poly- 
crystalline beryllium. 

The effect of machining on the surface was 
sufficient to impart an isotropic hard surface 
(approximately 300 DPN) to both single and 
polyerystal beryllium which extends to a depth 
of up to 200 w; however the removal of 50-130 u 
of surface was sufficient to indicate a variation 
with the direction of indentation. 

The greatest variation in hardness of a single 
crystal was from a maximum of 230 DPN for 
indentation into a basal plane to a minimum 
of 70-80 DPN for indentation into a (1010) 
prism plane with the longer diagonal in the 
[0001] direction. The rotation of the indenter 
in the basal plane of a single crystal gave no 
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systematic variation in hardness, but rotation 
in a prism plane gave considerable variations 
from minima of 70 DPN to maxima of 120 DPN. 

In polycrystalline beryllium tube and sheet 
prepared from powder, any marked preferred 
orientation was revealed by low load indentation 

hardness measurements after removal of the 
surface work hardening. 

With highly oriented cross-rolled sheet, 
marked variation in hardness was found after 
removal of the work hardened surface. The 
values ranged from 300 DPN for indentation 
into the sheet surface (i.e. into a concentration 
of (0001) basal planes) to 170 DPN for inden- 
tation into a cross-section of the sheet (i.e. into 
a concentration of (1120) prism planes). 

Rotation of the indenter in the sheet surface 
(high concentration of basal planes) produced 
no systematic hardness variation but rotation 
in a concentration of (1120) prism planes pro- 
duced a variation from 220 DPN to 170 DPN 
with peaks at approximately 90° intervals. The 
behaviour of this sheet was thus analogous to 
that of a single crystal. 

In sheet and tube beryllium fabricated to give 
a variety of textures, without exception the 
ereatest concentration of basal planes gave the 
highest hardness value and the lowest hardness 
value corresponded to the greatest concentration 
of prism planes. The more marked the texture 
under examination, the sharper the hardness 
peaks appeared and the greater the difference 
between maximum and minimum values. 

Similar effects have been found with a limited 
number of macro-hardness tests (2 kg load) 
indicating that the load does not affect the 
crystallographic dependence. 

A detailed explanation of the exact mechanism 
and reason for the observed relationship of 
crystallography and hardness in beryllium will 
not be possible until the deformation modes 
under conditions of complex stress have been 
fully explained. The hardness variation with 
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angle of inclination to the (0001) basal plane 
in an etched single crystal has been successfully 
correlated with the variation of the resolved 
shear stresses on the {1010} prismatic slip planes. 
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A metallographic study has been made of the nucle- 
ation and propagation of tensile fracture in the 
x-range of commercially pure uranium. The crack 
nucleus appears to be associated with the inclusions 
present, and the effect of prior annealing in the y-range 
upon the size-distribution of these inclusions has also 
been studied semi-quantitatively. 


On a étudié, par métallographie, la nucléation et la 
propagation d’une rupture par traction dans le 
domaine « sur de uranium de pureté commerciale. 
L’origine de la rupture semble associée aux inclusions 


1. Introduction 


Grainger !) and Foote 2) have reviewed most 
of the early work on the mechanical properties 
of uranium, including tensile data by Chiswik 
and Mayfield 3) and a study by Marsh, Muehlen- 
kamp and Manning *) on the effect of hydrogen 
on the brittle/ductile transition in alpha- 
uranium. Recent work by Sergeyev et al.®), 
McIntosh and Heal 6) as well as Chiswik et al.’) 
has further expanded the study of the mechanical 
properties of commercially pure uranium at 
ordinary temperatures and at elevated tem- 
peratures. 

In the above work hardly any metallographic 
examination of the test specimens has been 
carried out. It was therefore decided to study 
the microstructural changes occurring in com- 
mercially pure uranium during tensile testing 
in the alpha range and to attempt to correlate 
these changes with changes in mechanical 
properties. The work described forms part of 
these studies, and is particularly concerned with 
the nucleation and propagation of the tensile 
fracture. 


présentes et l’on étudie également “‘semi-quantita- 
tivement”’ l’influence d’un recuit préalable dans le 
domaine y sur la taille et la répartition des inclusions. 


Uber den Beginn und das Fortschreiten eines Bruches 
bei Zugbeanspruchung wurde im a-Bereich von 
handelsiiblichem Uran eine metallographische Unter- 
suchung angestellt. Der Beginn des Bruches scheint 
mit den vorhandenen LEinschlissen zusammenzu- 
zuhangen. Der Einfluss einer vorausgehenden Glihung 
im y-Zustand auf die Grosse dieser Einschliisse wurde 
halbquantitativ untersucht. 


2. Experimental 


2.1. MATERIAL 


The metal employed was magnesium-reduced 
uranium. A typical analysis is: oxygen 90 ppm, 
hydrogen 5 ppm, carbon 600 ppm, iron 60 ppm, 
aluminium 240 ppm and silicon 75 ppm. 

The specimens were in the form of round 
tensile test-pieces, 0.16 cm2 cross-sectional area 
and 1.60 cm gauge length. The grain-size of the 
material as provided is discussed later. 


2.2. METALLOGRAPHY 


The polishing technique adopted is that 
proposed by Mott and Haines 8), namely, 
primary grinding on silicon carbide papers under 
water, followed by diamond polishing and 
finally attack polishing with a mixture of 
40 parts (by vol.) CrO3, 10 parts HNOs, 40 parts 
water containing a suspension of gamma- 
alumina. The attack polishing is carried out on 
a ““Terylene” cloth mounted in a polythene 


bowl, as described by Haddrell, Sykes and 
Mott 9). 
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Fractured specimens are sectioned and 
mounted in plastic for metallographic examina- 
tion, the fracture edge having previously been 
nickelplated, employing a very low current- 
density to ensure a deposit free from porosity. 
The plating is not attacked by the attack 
polishing solution. 

Bierlein 19-1) used “‘Faxfilm” to replicate 
fracture surfaces of uranium, thereby obtaining 
two-stage silicon monoxide replicas for electron 
microscopy. In order to examine the fractured 
uranium surface itself, two stage carbon replica- 
tion has been adopted using 0.75 mm (0.030”) 
thick cellulose acetate strip as the intermediate 
stage. The acetate strip is softened in acetone 
before being placed on the freshly fractured 
surface, allowed to harden, and mechanically 
stripped. After shadowing with gold/palladium, 
carbon is deposited while the plastic replica is 
rotated in its own plane, so that an even 
deposition on the irregular surface is achieved. 
The acetate is dissolved in acetone, leaving the 
shadowed carbon replica for electron microscopy. 


2.3. 

In the metal provided, the most prolific 
inclusions are of a cuboid variety, described by 
Meredith and Waldron !2) and by Kehl et al.18) 
as complexes of uranium with oxygen, carbon 
and nitrogen. Inclusions of compounds of 
uranium with iron, aluminium and silicon have 
also been identified, as well as inclusions of 
uranium oxide. The “‘carbide” inclusions are 
darkened by etching in 1/1 nitric acid for 
30 seconds (fig. 1). 

The effect of isothermal annealing in vacuo 
uporm the microstructure has been studied, and 
an interesting effect has been observed. Whereas 
the carbide inclusions are unaffected by heat- 
treatment in the f-range (668—-774° C), on 
annealing in the (bcc) y-range (774-1132° C) 
a series of changes takes place. The cuboid 
inclusions first become spheroidised (fig. 2), a 
further annealing causing a progressive coagula- 
tion. The change in particle-size distribution of 
these inclusions during an isothermal anneal in 
vacuo at 1010° C has been assessed by examin- 
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ing photomicrographs of polished sections, using 
a method employed by Hyam and Nutting 4). 
Using their statistical treatment to calculate 
the actual particle-size distribution from meas- 
urements upon polished sections, a series of 
histograms assembled illustrating the 
sequence of changes occurring (fig. 3). After 
long anneals in the gamma region, very large 
clusters of inclusions are observed (fig. 2). 
These, although included in the above analysis 
to demonstrate the trend of these changes, will 
certainly introduce statistical errors. 

Before testing, all specimens were further 
oil-quenched from the beta-range, so that the 
grain-size distribution was always approxi- 
mately the same. Grain-size assessment is 
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Fig. 1. As cast uranium. Etched 30 see 1/1 HNOs. 
x 500. 


Fig. 2. Uranium heat-treated at 925°C in vacuo 
for 5 hours. Oil-quenched. Etched 30 see 1/1 HNOs. 
x 350. 
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Fig. 3. Particle-size distributions in uranium after isothermal anneal at 1010°C and oil-quenching. 

So — As provided. Si — 30 minutes. S82 -— 1 hour. S3 — 1.5 hours. Ss — 2 hours. Ss — 120 hours. 

The ordinate represents the number of particles of each size-group present expressed as a percentage of the 
total number of particles counted. 
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difficult, as there is a wide scatter of grain-sizes 
within a specimen; the following are the 
approximate values obtained: As received (as- 
cast), 0.04 mm; 2 hours at 694°C and oil- 
quenched (i.e. beta-quenched), 0.02 mm; 45 
hours at 907° C and oil quenched (i.e. gamma- 
quenched), followed by 2 hours at 694°C and 
oil quenched, 0.02 mm. 


2.4. TENSILE TESTS 


2.4.1. Room temperature tests 


At these temperatures uranium fractures in a 
brittle manner, giving a fracture of fibrous 
appearance. The tensile specimens were pulled 
to fracture in a Hounsfield ‘““Tensometer’’, at a 
cross-head speed of 0.20 mm/min, replicas were 
taken of the fracture surface, and the specimens 
themselves were then sectioned and examined 
as described above, together with several 
specimens pulled nearly to fracture. 

The characteristic metallographic feature that 
was observed in these studies is that the 
inclusions apparently play a part in the initia- 
tion of fracture. Figs. 4-6 show the effect of the 
cuboid inclusions, and fig. 7 that of the “‘clusters’”’. 
The cracking of the dispersed rounded inclusions 
in these annealed specimens was noticeably 
less widespread than in the as-cast material. 


2.4.2. 


These were carried out in an argon atmosphere 
with a modified Hounsfield ‘“Tensometer’’. 
Replicas taken from the surface of the fracture 
still revealed inclusions on the fracture surface 
at testing temperatures up to 380° C. Optical 
microscopy confirmed that inclusions take part 
in the initiation of fracture up to this tem- 
perature. 

Between 500°C and 660°C, the uranium 
undergoes a marked increase in ductility with 
extensive necking, resulting in a ductile fracture. 
The fracture surfaces are oxidised and so 
replication for these high test temperatures was 
not attempted. Metallographic sections of 
specimens deformed in this temperature range 
reveal, within the necked volume, holes opening 


High temperature tests 
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Fig. 4. As-cast uranium. Fractured specimen, area 
near fracture edge. Unetched. Arrow shows direction 
of tensile strain. x 2040. 


Fig. 5. As-cast uranium. Crack within the gauge- 
length of a tensile specimen fractured at room temper- 
ature. Unetched. x 350. 


Fig. 6. carbon 


Electron micrograph. 
replica, gold-palladium shadowed of a room temper- 


Two-stage 


ature fracture surface. Specimen as-cast. x 1400. 
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1000° C,_ oil 


Uranium annealed 6 hours 
quenched, then annealed 2 hours 694° C, oil quenched. 
10 % room temperature tensile elongation. Unetched. 
x 350. 
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out which are associated with the inclusions 
(fig. 8). The annealed specimens and the as- 
cast material both behave in the same manner. 
The large ‘‘cluster-like” groups of coagulated 
inclusions found in the annealed specimens 
provide most of the nuclei for the holes and 
these eventually coalesce to form the ductile 
fracture edge. 


Fig. 8. Uranium heated 2 hours 694° ©, oil quenched. 
Specimen fractured at 590°C. Region near fracture- 
edge, unetched. x 1425. 
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3. Discussion 
3.1. COAGULATION OF INCLUSIONS 


Annealing at 1010° C leads to an increase in 
the number of large particles, as is clear from 
histogram Ss in fig. 3. In the calculation, the 
assumption that the particles are spherical 
prevents too much weight being given to the 
curves representing the growth of the larger 
particles and the clusters referred to above. 
Although some of the histograms show an 
increase in the number of smaller particles with 
increasing time of anneal, it can be readily 
established that there is a decrease in the 
volume of inclusions less than (say) 3.0 mu 
diameter, per unit volume of metal. 

Thus we can infer that the larger particles 
tend to grow at the expense of the smaller — a 
common phenomenon which can be explained 
by surface energy considerations. 


3.2. FRACTURE AT ROOM TEMPERATURE 


It has been demonstrated metallographically 
that tensile failure in uranium is initiated by the 
prior cracking of the inclusions or by the 
parting of an inclusion matrix interface at 
right-angles to the applied tensile strain. Fig. 4 
shows a cuboid inclusion which has cracked, 
and the crack is beginning to propagate into 
the surrounding matrix. Fig. 5 shows a series 
of inclusions which have cracked or separated, 
and the resulting cracks are joining up to form 
the fracture edge. The electron micrograph of 
a replica of the fracture surface (fig. 6) shows 
these cuboid inclusions lying on the surface. 
Examination of the fracture surface of annealed 
specimens reveals that the cracks originate from 
the large “clusters”? formed during the heat- 
treatment (fig. 7). 

The effect of hydride distribution on the 
tensile properties of uranium has been studied 
by Gardner and Riches 15). They included no 
fractography, although the hydride did seem 
to affect fracture. A photomicrograph in their 
paper includes a crack associated with a cuboid 
inclusion, but no comment was made. 

The general observations made in the present 
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work on the effect of deformation upon inclu- 
sions is in general agreement with work on 
other systems. For example, inclusions in steels 
have been known to crack during mechanical 
working 16), and Frith 1”) and Cummings e¢ al.18) 
have found that fatigue failure in certain steels 
is associated with inclusions. Nishimatsu and 
Gurland 19) studying the fracture path of the 
two-phase alloy system wolfram carbide/cobalt, 
have found that the cracks originate at the 
hard but brittle wolfram carbide phase. 


3.3. FRACTURE AT HIGH TEMPERATURE 


Up to 380° C the fracture is still associated 
with the inclusions in the above-mentioned 
brittle manner. A transition occurs between 
380°C and 450°C, over which range the 
specimens are observed to become increasingly 
more ductile. At temperatures above 450° C, 
the inclusions are not sources of sharp cracks, 
but void formation takes place in their vicinity 
(fig. 8). This type of ductile failure has been 
observed by Puttick 2°) in copper, the voids 
forming at oxide inclusions. A similar ex- 
planation may be advanced in the present case, 
of the inclusions acting as vacancy sinks. 

It may be stated in conclusion, therefore, 
that further study of the role played by the 
inclusions present in commercial uranium in the 
deformation and fracture of this material would 
be very rewarding. 
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Des échantillons d’uranium de pureté nucléaire polis 
mécaniquement ont été soumis, dans lintervalle 
100—-700° C, & l’action de anhydride carbonique trés 
soigneusement purifié en oxygene et en vapeur d’eau, 
et leur oxydation a été suivie & la fois par voie gravi- 
métrique & l’aide d’une thermobalance Eyraud et par 
voile micrographique. 

Les points suivants ont pu étre dégagés: 

1) Les courbes d’augmentation de poids en 
fonction du temps sont sensiblement linéaires, mais 
dans lVintervalle 550—700° C, elles présentent une ou 
plusieurs brisures, ce qui s’explique en partie par 
Vagrandissement des échantillons au cours de Voxy- 
dation. 

Les augmentations de poids trouvées sont d’ailleurs 
nettement plus faibles que celles publiées jusqu’a ce 
jour, ce qu il faut attribuer trés vraisemblablement 
a une pureté plus grande de l’anhydride carbonique 
mis en oeuvre. 

2) Dans Vintervalle 200—400° C, on observe la 
formation, sur un film d’oxyde trés mince et continu, 
de ‘“‘germes” d’oxyde grossicrement circulaires et 
d’épaisseur nettement plus grande que celle du film, 
germes qui se transforment en véritables pustules 
entre 400 et 500°C; ces germes ou ces pustules se 
forment préférentiellement sur les rayures de polissage 
et sur certaines inclusions, probablement des carbures. 

3) Au voisinage des pustules, le métal subit une 
déformation plastique importante qui s’accompagne 
de la fissuration du film mince continu. 

4) Aux températures d’oxydation supérieures & 
600° C, les pustules rétrogradent fortement, mais il 
apparait une déformation générale de |’échantillon 
qui s’agrandit considérablement, ce qui entraine une 
fissuration importance de la pellicule. 


Specimens of mechanically polished reactor grade 
uranium were treated at 100—700° C in carbon dioxide, 
very carefully purified from oxygen and water vapour, 
and their oxidation was followed simultaneously by 
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gravimetry (using an Eyraud thermobalance) and by 
micrography. The following observations were made: 

1) The plots of weight gain as a function of time 
are sensibly linear, but in the range 550—700° C they 
have some breaks, which is partly attributable to the 
enlargement of the samples during oxidation. The 
weight gains found are moreover distinctly smaller 
than those hitherto reported, which is very probably 
due to the greater purity of the carbon dioxide used. 

2) In the range 200—400° C, roughly circular oxide 
“nuclei”? form upon a very thin, continuous oxide 
film. These nuclei are distinctly thicker than the film, 
and between 400 and 500°C they turn into blisters. 
Nuclei and blisters form preferentially on polishing 
scratches and on certain inclusions, probably carbides. 

3) Near the blisters, the metal undergoes pro- 
nounced plastic deformation which results in cracking 
of the previously continuous thin film. 

4) When the oxidation temperature exceeds 600° C, 
the blisters retreat considerably, but the whole 
specimen now deforms and grows, which leads to 
pronounced cracking of the scale. 


Mechanisch polierte Uranproben von nuklearer Rein- 
heit wurden zwischen 100 und 700° C der Einwirkung 
von Kohlendioxyd unterworfen. Das verwendete 
Kohlendioxyd war mit Sauerstoff und Wasserdampf 
sorgfaltig vorgereinigt worden. Die Oxydation wurde 
gravimetrisch mit einer Eyraud-Thermowaage und 
mikroskopisch verfolgt. 

Folgende Feststellungen liessen sich treffen: 

1) Die Gewichtszunahme erfolgt streng linear mit 
der Zeit. Im Temperaturbereich von 550 bis 700° C 
treten ein oder mehrere Knicke im linearen Verlauf 
auf, die teilweise mit einer Volumenzunahme der 
Probe wahrend der Oxydation zu erklaren sind. 

Die hier beobachteten Gewichtszunahmen sind 
ubrigens deutlich geringer als die bislang veréffent- 
lichten Werte. Dies ist sehr wahrscheinlich der 
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wesentlich grésseren Reinheit des hier verwendeten 
Kohlendioxyds zuzuschreiben. 

2) Zwischen 200 und 400° C beobachtet man die 
Bildung ungefahr kreisrunder “Oxydkeime’’, die sich 
mit merklich grésserer Dicke auf dem schwachen, 
kontinuierlichen Oxydfilm aufbauen. Diese Keime 
wachsen bei 400 bis 500°C zu wirklichen Ausbli- 
hungen aus. Sie entstehen vornehmlich an Schleif- 
kratzern und an _ bestimmten CEinschliissen, die 
vermutlich aus Karbid bestehen. 


1. Introduction 


La réaction de uranium avec l’anhydride 
carbonique a déja fait l’objet de plusieurs 
recherches 1-5), qui ont été motivées surtout 
par des raisons d’ordre technologique. Effective- 
ment, la connaissance de la cinétique de cette 
réaction est importante dans le cas d’une 
rupture de gaine dans les réacteurs atomiques 
dont le combustible est uranium métallique 
et dont le refroidissement est assuré par du gaz 
carbonique. 

La premiere étude sur la réaction de l’uranium 
avec lanhydride carbonique a été effectuée en 
1947 au National Physical Laboratory 1) et 
Vintervalle 250—700° C a été exploré. Huddle 2) 
a étudié la méme réaction dans lintervalle 
175—500° C et Sylvester 3) a la température de 
500° C. Champeix et Darras4) ont étudié la 
réaction dans les intervalles 400—700° et 
300-600° C, sous une pression d’anhydride 
carbonique de respectivement 1 et 15 atmos- 
pheres, dans des conditions statiques dans le 
premier cas et avec un débit gazeux de 5 m3/h 
dans le deuxiéme. Enfin, récemment, Antill et 
ses collaborateurs*) ont étendu |’étude a l’inter- 
valle 500-1000° C. L’oxyde formé est toujours 
UOs. 

Les données recueillies au cours de ces 
recherches paraissent suffisantes pour prévoir 
Vordre de grandeur de la vitesse de la réaction 
entre uranium et l’anhydride carbonique en 
cas de rupture de gaine. Cependant, au point 
de vue fondamental, elles sont insuffisantes, 
puisqu’elles ont été obtenues en mettant en 
oeuvre un anhydride carbonique impur, conte- 
nant en particulier environ 600 ppm d’oxy- 
géne 4,5), 
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3) In der Nachbarschaft der Ausblihungen unter- 
liegt das Metall einer betrachtlichen plastischen 
Verformung, die mit einem Aufreissen des dunnen, 
kontinuierlichen Oxydfilms verbunden ist. 

4) Bei Oxydationstemperaturen tber 600°C 
werden die Ausblithungen stark riickgebildet. Daftr 
wird eine allgemeine Deformation der Proben zu- 
sammen mit einer betrachtlichen Volumenvergrésse- 
rung festgestellt, unter deren Auswirkungen die 
Oberflaiche merklich aufreisst. 


Compte tenu de ce fait et des divergences 
entre les résultats obtenus par les différents 
auteurs, nous avons jugé désirable de reprendre 
Vensemble de la question dans un ample inter- 
valle de températures (100—1000° C). Dans cette 
publication, nous nous proposons d’exposer 
nos résultats dans Vintervalle 100—700° C. 


2. Réactions possibles 

On peut envisager les réactions suivantes 
entre Puranium et l’anhydride carbonique; les 
changements d’énergie libre AF ont été for- 
mulés entre 25 et 665° C par Kubaschewski et 


Evans °), rapportés & un atome-gramme de 
métal: 


a) U+2 CO, > UO2,+2 CO, avec: 
AF = —125 000—6,2 T log T+ 18,95 T 
soit AF s00°c = — 124 200 cal. 
Le CO formé peut étre réduit 4 son tour: 


b) U+2CO +U0O2+4+2C, avec: 
AF = — 206 600—6,2 T log T+ 102,35 T. 
Ce qui conduit 4 la réaction: 

c) U+CO, + U02+C, avec: 
AF = —165 800—6,2 T log T + 60,65 T 
soit AF s00°c = — 132 700 eal. 


Comme on le voit, ces variations d’énergie 
libre sont considérables, tant pour la réaction a) 
que pour la réaction c). Cependant, l’importance 
relative des deux réactions n’est pas connue. 

D’aprés Katz et Rabinowitch ’), le carbone 
libéré dans la réaction ¢) réagirait & 750° C sur 
VPuranium, de sorte que, finalement, il se 
formerait simultanément du carbure d’uranium 
et du bioxyde suivant la réaction: 


d) U+4CO, +4UC+4 U0, 
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En adoptant pour expression de la variation 
d’énergie libre de formation de UC en fonction 
de la température celle établie par’), nous 
obtenons: 


AF =185 090—6,45 T log 7+ 61,07, 


soit AF 500°c = 16100 cal: 


Champeix et Darras 4) ont également mis en 
évidence du carbure UC dans les produits de 
réaction & 600 et a 700°C. 


3. Techniques opératoires 

L’uranium utilisé avait été élaboré a Vusine 
du Bouchet (réduction du fluorure d’uranium 
UF, par le calcium), qui fournit de l’uranium 
ayant pour analyse type: 


Ag < 0,5 ppm Li < 2 ppm 
Al 120 ppm Mg < 50 ppm 
B 0,1 ppm Mn 8 ppm 
C 130 ppm Mo < 20 ppm 
Cd. ==) 055; ppm iINa <2 5) ppm 
Cr 14 ppm Ni 11 ppm 
Cu 23 ppm IP < 50 ppm 
Fe 68 ppm Pb 5 ppm 
K ~<50 ppm Si 50 ppm 


Les échantillons, de dimensions 15 x11 mm, 
furent découpés dans une bande laminée de 
1 mm d*épaisseur présentant une texture 
dorientation partielle, les plans (021) tendant a 
se placer parallélement a la surface de |’échan- 
tillon. Leur préparation ne comportait qu’un 
polissage mécanique jusqu’au papier émeri 4/0, 
parachevé éventuellement par un polissage a 
la poudre de diamant (4-8 microns), et un lavage 
soigné au toluene. Pour préciser l’influence des 
impuretés du gaz sur la cinétique de l’oxydation, 
les échantillons ont été soumis dans |’intervalle 
100-700° C a l’action d’anhydrides carboniques 
présentant trois teneurs différentes en oxygéne, 
et en vapeur d’eau. Ces derniéres d’ailleurs, 
faute d’analyseur suffisamment précis, n’étaient 
pas déterminées, sauf exception, mais simple- 
ment caractérisées par la technique de purifica- 
tion adoptée pour le gaz. Les trois qualités de 
gaz carbonique mises en oeuvre dans les trois 
séries successives d’expériences sont définies 
ci-dessous: 
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lére série: COs “‘technique’’, contenant 600 ppm 
d’oxygéne, desséché a travers une colonne 
de perchlorate de magnésium. 


2éme série: COz “spécial’’, contenant moins de 
50 ppm d’oxygéne & la sortie du tube 
commercial, purifié ensuite au moyen d’une 
colonne de cuivre réduit, chauffé 4 400° C, 
et d’une colonne de perchlorate. 

3éme série: CO, “‘trés pur’, primitivement 
identique a celui utilisé dans la 2éme série, 
mais purifié au moyen de deux colonnes de 
perchlorate, une colonne de P20; et 2 colon- 
nes de cuivre placées en série fT. 


L’oxydation des échantillons était effectuée 
dans une thermobalance a enregistrement élec- 
tronique Eyraud, sensible au = de milligramme. 
On prenait la précaution de préchauffer préa- 
lablement les échantillons sous vide poussé 
(<10-4 mm Hg) jusqu’a la température de 
Vexpérience, aprés quoi anhydride carbonique 
était introduit dans le tube laboratoire sous un 
débit de 300 cm?/minute. 

Apres oxydation, augmentation totale de 
poids de chaque échantillon était déterminée a 
Vaide d’une balance analytique (sensibilité 
=; mg) et ce dernier était soumis & un examen 
micrographique approfondi. 


4. Résultats 
Ay Ale 


Les diagrammes des figures 1 & 3 résument les 
résultats obtenus. Quelle que soit la pureté de 
Vanhydride carbonique utilisé, on constate que 
la pellicule formée n’est pas protectrice, puisque 
les courbes d’augmentation de poids en fonction 
de la durée d’oxydation sont sensiblement 
linéaires ou a allure accélérée. Cependant, pour 
une méme température, la pente de la droite ou 
la pente moyenne de la courbe diminue forte- 
ment quand on passe de l’anhydride carbonique 
“technique” (fig. 1) a celui “‘trés pur’ (fig. 3). 
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yj Aux laboratories de Culcheth, ot la technique 
de purification de Vanhydride carbonique était 
analogue a& celle-ci, des mesures précises ont montré 
que le gaz purifié contenait moins de 5 ppm d’oxygéne 
et moins de 5 ppm de vapeur d’eau °). 
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Oxydation de Vuranium dans l’anhydride carbonique “technique”, contenant 600 ppm d’oxygéne 


(lére série). Débit gazeux: 300 cm3/min (sauf pour Vessai “‘statique’’). A titre de comparaison, la courbe d’oxy- 
dation dans lair a 230°C a été tracée également. 
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Fig. 2. Oxydation de Vuranium dans CO “‘spécial’’ (2éme série). 


Ceci montre l’influence primordiale des traces 
doxygene et de vapeur d’eau sur la vitesse 
d’oxydation de l’uranium dans ce gaz et rend 
indispensable sa purification tres efficace si on 
veut atteindre la cinétique véritable du phéno- 
mene. 

En outre, il y a lieu de remarquer que les 
augmentations de poids relatives a la 3éme 
série d’expériences sont nettement plus faibles 
que toutes celles publiées jusqu’a ce jour (fig. 4), 


ce qu'il faut trés vraisemblablement attribuer 
a une pureté plus grande de lanhydride 
carbonique mis en oeuvre. Il n’est pas exclu 
toutefois que certaines impuretés contenues 
dans le métal, notamment le carbone, puissent 
également contribuer 4 augmenter l’oxydabilité 
de Vuranium. 

D’ailleurs, les augmentations de poids mesu- 
rées dans le gaz carbonique “‘trés pur’’ sont si 
faibles que seules les courbes isothermes pour 
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les températures égales ou supérieures a 400° C 
ont pu étre tracées. 

La purification poussée de l’anhydride car- 
bonique entraine une autre conséquence. Alors 
que la pellicule obtenue par oxydation de 
VPuranium dans le gaz “technique” se présente 
sous forme pulvérulente, celle formée dans le 
gaz “‘trés pur’ est au contraire compacte a 
lYexamen visuel et parfaitement adhérente au 
support métallique. Cela explique quil y ait 10 
concordance parfaite, dans ce dernier cas, entre 
les augmentations de poids obtenues sur les 
courbes enregistrées a la thermobalance, et celles 
mesurées par pesée directe des échantillons 
oxydés, le refroidissement des échantillons et 
leur manipulation n’entrainant aucun détache- 
ment appréciable d’oxyde. 


1000 


Vitesse doxydation (mg/cm2yh) 
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Fig. 3. Oxydation de l’uranium dans CO2z 
“trés pur’? (3éme série). 
Fig. 4. Comparaison des résultats relatifs a 


la période initiale de loxydation avec ceux 
des publications précédentes. 
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4.2. MOoRPHOLOGIE DES PELLICULES mt py af 
Nous nous référerons surtout ici 4 la morpho- f 
logie des pellicules obtenues dans l’anhydride 
carbonique “‘trés pur’. Cependant, la morpho- | / Temperature 
logie des pellicules relatives au gaz ‘‘spécial”’ est Saar 400 600 800 1000 1100 1200°C 
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Fig. 5. Surface d’uranium oxydé dans COz “‘spécial’’ 


a 300°C pendant 15 heures. x 575. 


sensiblement analogue a la précédente, si ce 
nest que, toutes choses égales par ailleurs, les 
pellicules sont plus épaisses. Quant aux pellicules 
formées dans l’anhydride carbonique “‘techni- 
que’, comme nous l’avons déja dit, elles sont 
tres différentes, puisqu’au lieu d’étre compactes 
et adhérentes a leur support métallique, elles 
sont souvent pulvérulentes et n’ont en tout cas 
aucune consistance. 

Précisément, dans le gaz carbonique “‘trés 
pur’, et entre 400 et 500°C, Voxydation de 
Vuranium conduit a la formation d’un film 
doxyde trés mince et continu, sur lequel on 
observe de place en place un “‘germe”’ d’oxyde, 
de forme grossiérement circulaire et d’épaisseur 
nettement plus grande que celle du film super- 
ficiel (fig. 5). Cela met en évidence la généralité 
du phénomeéne découvert par Bénard et Bar- 
dolle 1°) dans des conditions opératoires trés 
différentes. Les germes se forment préférentielle- 
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ment sur les rayures de polissage (fig. 6), les 
bords de l’échantillon et certaines inclusions 
qui sont probablement des carbures (fig. 7). 
En outre, pour une durée d’oxydation donnée 
(15 heures), a& mesure que la température 
s’éléve, les germes deviennent de plus en plus 
volumineux; a 500° C, ils constituent de vérita- 
bles pustules dont le faite est en relief de 10 
& 30 microns par rapport a la surface de la 
pellicule continue (fig. 8). Au voisinage de ces 
pustules, le métal subit alors une déformation 
plastique importante, le mettant en relief par 
rapport a la surface des zones plus éloignées, 
déformation plastique qui s’accompagne de la 
fissuration du film mince continu (fig. 9). Dans 
la région déformée, il arrive d’ailleurs que le 
métal recristallise au cours de l’essai d’oxydation 
(Hom t Oy: 

Aux températures d’oxydation supérieures a 
500° C, les pustules rétrogradent fortement, 
mais il apparait une déformation générale de 


Fig. 6. Influence des rayures de polissage sur la 
formation des germes d’oxyde (CO2 “‘trés pur’). 
Oxydation de 15 heures & 500°C. x 285. 


Fig. 7. Influence des inclusions sur la formation des 
So 
pustules d’oxyde (CO2 “trés pur’’). Oxydation de 
15 heures & 450°C. x 285. 


Fig. 8. Surface d’uranium aprés oxydation dans l’anhydride carbonique “‘spécial’’, pendant 15 heures 
a 450° C. Les taches sombres sont des pustules d’oxyde, dont le faite est en relief de 10 a 30 microns par 
rapport @ la surface environnante. x 145. 
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Véchantillon. Celui-ci prend souvent une cour- 
bure accentuée; de plus, il s’agrandit considé- 
rablement tant en longueur qu’en largeur. Par 
exemple, aprés une oxydation a 650° C pendant 
15 heures, ’agrandissement de la surface de la 
plaquette d’uranium est d’environ 20 °%, comme 
on peut le constater sur la macrographie de la 
figure 11 ot les 4 échantillons avaient avant 
oxydation les mémes dimensions, celles de 
Véchantillon 1. Cet agrandissement du support 
métallique entraine & son tour une fissuration 
spectaculaire de la pellicule, comme on peut 
sen rendre compte par l’examen des macro- 
graphies des figures 11 et 12 et des micrographies 
des figures 13 et 14. 


Fig. 10. 


Aspect d’une autre pustule. I] est vrais- 
emblable que la zone en forme de croissant qui 
appartenait a la région déformée du métal, a recristal- 
lisé au cours de l’essai d’oxydation, ce qui explique 
qu’elle ne soit plus traversée par les rayures de 
polissage. x 575. 
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4.3. CONSTITUTION DES PELLICULES 


Comme |’analyse aux rayons X a permis de le 
montrer +, quelles que soient la température et 
la durée d’oxydation dans l’anhydride car- 
bonique “‘trés pur’, la pellicule était constituée 
doxyde UO: bien cristallisé, 
stoechiométrique, avec une texture d orientation 
partielle, les plans (220) de ’oxyde tendant a se 
placer parallélement a la surface externe de 
Véchantillon. (Rappelons que Vuranium de 
départ avait lui-méme une texture d’orientation 
partielle, les plans (021) tendant a se placer 
parallélement a la surface de l’échantillon.) 


sensiblement 


+ Spectres de diffraction aux rayons X effectués 
sous la direction de MM. Frisby et Portneuf. 


oy 4 


Fig. 11. Surfaces de 4 échantillons d’uranium ayant 
comme dimensions initiales 11 x 15 x 1 mm oxydés 
dans lV’anhydride carbonique “‘trés pur’, dans les 
conditions suivantes: 


15 450° Cee beh 
2. 500°C; 5 jours 
3) 650° C3115 h 
Ale “7KOK0? (O19 3 La, 


Seul V’échantillon 1 a conservé les dimensions 
originales, les autres se sont agrandis considérable- 


ment. xX 1,6. 


170 


J. PAIDASSIL, ET AL. 


Fig. 13 


Fig. 14 
Surface externe d’une pellicule trés fissurée, aprés oxydation dans CO. 
15 heures & 650° C. (fig. 11: ~« 285: figs 12s) x 575). 


“trés pur’? pendant 
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De plus, dans certains cas, il a été décelé du 
carbure UC trés finement cristallisé et représen- 
tant quelques pour cent seulement du poids de 
UO. 

La présence de carbure dans la pellicule, qui 
confirme les observations de Champeix et 
Darras ®), ne peut s’expliquer que si l’oxydation 
de uranium par l’anhydride carbonique s’effec- 
tue en partie suivant la réaction: 


Uli C0; 52 UC +4 U0>. 


Soulignons cependant que la détermination 
précise des conditions d’apparition de la phase 
UC dans la pellicule, ainsi que de sa proportion 
et de sa morphologie exigerait d’entreprendre 
une recherche complémentaire qui entre d’ail- 
leurs dans nos projets. 


5. Discussion 


Etant donné que loxydation suit une loi 
linéaire, on est conduit a penser que la pellicule 
est, dés le début de loxydation, perméable a 
VPoxygéne par suite de fissurations qui pourraient 
étre la conséquence d’un rapport volumétrique 
oxyde 4 


oe Clevé (1,94), conjointement a une plasticité 
insuffisante de oxyde UOs. 


Mais une question se pose: la fissuration de la 
pellicule s’étend-elle jusqu’a Vinterface métal- 
oxyde, ou bien existe-t-il au contact du métal 
un film d’oxyde mince, compact et adhérent, a 
travers lequel s’effectuerait la diffusion des ions. 
L’existence d’un tel film avait été suggérée par 
Loriers 11) pour expliquer les particularités de 
Voxydation du cérium dans l’oxygéne, et surtout 
récemment par Gregg et Jepson !*) pour expli- 
quer l’allure des courbes d’augmentation de 
poids dans le cas de l’oxydation du magnésium 
sous oxygene sec ou humide. 

Une preuve micrographique directe de |’exis- 
tence d’un tel film est trés difficile 4 fournir, vu 
sa faible épaisseur et la quasi-impossibilité de 
distinguer les zones de la pellicule, fissurées ou 
non, quand les fissures sont submicroscopiques. 
Il faut d’ailleurs noter que les auteurs précé- 
dents observaient, aussi bien pour le cérium 
que pour le magnésium, une période initiale a 
cinétique d’oxydation parabolique; dans le cas 
du magnésium, sa durée était trés courte 
(2 heures au maximum) et les augmentations de 
poids étaient trés faibles (de l’ordre du ug/cm?). 
Dans le cas présent de l’uranium, cette période 
initiale apparait encore plus courte, bien qu’elle 
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n’ait pas été étudiée en détail, et dans ce qui 
suit, elle sera négligée, vu l’échelle des courbes 
représentées. 

Quoi qu’il en soit, examen des figures 3 et 15 
montre que, jusqu’a 500°C, chaque courbe 
d’oxydation est constituée par une seule droite 
passant par Vorigine, alors qu’au-dessus de 
500° C, plusieurs segments de droites apparais- 
sent, dont les pentes sont d’autant plus pro- 
noncées qu’ils sont plus éloignés de lorigine. 
D/ailleurs, la durée d’oxydation qui correspond 
a la premiere brisure diminue en méme temps 
que la température d’essai augmente: de 14 a 
20 heures a 550° C, elle n’est plus que de 3 a 
7 heures a 600° C. Cette constatation laisserait 
effectivement supposer la présence d’un film 
trés mince, compact et adhérent sur le métal, 
sous-jacent a la couche d’oxyde épaisse exté- 
rieure. Il suffirait en effet d’admettre, confor- 
mément aux conceptions de Gregg et Jepson }2), 
que l’oxydation linéaire initiale correspond a un 
état stationnaire ot les vitesses de croissance 
et de fissuration du film sont égales; une aug- 
mentation de la vitesse d’oxydation correspon- 
drait alors & un état ot les fissurations s’éten- 
draient plus profondément dans le film, et, 
dans le cas d’une vitesse d’oxydation finale 
stable, a4 un état ot ces fissures atteindraient 
Vinterface métal-oxyde lui-méme. 

Cependant, au-dessus de 550°C, un autre 
phénomene est susceptible d’intervenir: il s’agit 
de Vagrandissement général de 1|’échantillon 
métallique, décrit précédemment. D’ot une 
accélération de la vitesse d’oxydation, comme 
simple conséquence de l’accroissement progres- 
sif de la surface de l’échantillon. 

Finalement, il semble bien que, dans le cas le 
plus général, les deux phénoménes se combinent, 
le second prenant évidemment plus d’importance 
lorsque la température s’éléve. Ils ne sont 
d’ailleurs pas indépendants l’un de l’autre, 
puisqu’au moins aux températures élevées, 
Vagrandissement peut étre une cause de fissura- 
tions: cela expliquerait l’absence de brisures sur 
les courbes correspondant aux températures 
inférieures 4 550° C, puisqu’alors le fluage est 
négligeable. La succession des phénoménes 
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serait donc la suivante: dans une période 
initiale, l’échantillon se recouvre d’une pellicule 
qui se fissure rapidement, a l’exception d’un 
film mince et compact adhérent au métal, et 
dont |’épaisseur e9 (qui correspond a un état 
stationnaire ot les vitesses de croissance et de 
fissuration du film sont égales) est indépendante 
du temps. Ajoutons que ce film est le siége de 
contraintes de compression importantes, du 
fait d’un rapport des volumes spécifiques 
<7* voisin de 2. A un certain moment, l’4me 
métallique soumise, elle, 4 des contraintes de 
traction, et dont la résistance mécanique 
diminue en méme temps que son épaisseur, 
commence a fluer, avec une vitesse sensiblement 
constante, ce qui a pour résultat de réduire 
Pépaisseur du film mince compact jusqu’a un 
nouvel état stationnaire e; (correspondant a 
une vitesse d’oxydation plus forte) et de 
fissurer de facon spectaculaire la _pellicule 
(fig. 13 et 14). 

Ensuite, il est probable que le fluage s’acce- 
lére progressivement, du fait de la diminution 
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d’oxydation de l’uranium dans CO2 “‘trés pur” 
(8éme série). Représentation d’Arrhénius. 
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lente de l’épaisseur de l’Aame métallique de 
lPéchantillon. En tout cas, a un certain moment, 
le film compact devient de nouveau instable et 
son épaisseur ¢; devient e2 (avec é:<e1), d’ou 
un nouvel accroissement de la vitesse de 
réaction. Finalement, les fissurations s’étendent 
jusqu’au métal lui-méme (e=0) et la vitesse 
linéaire d’oxydation se stabilise a 
maximale. 

Il est d’ailleurs & remarquer que les diverses 
courbes d’oxydation obtenues a la suite de 
divers essais 4 une méme température présen- 
tent une dispersion notable, qui doit étre 
imputable aux caractéristiques différentes de la 
période initiale perturbée, notamment par suite 
d’un état de surface d’échantillon non rigou- 
reusement reproductible; mais en tout cas, a 
une température donnée (par exemple 550° C), 
tous les derniers segments de droite ont une 
pente sensiblement égale, ce qui est bien en 
accord avec l’interprétation précédente (fig. 15). 

Enfin, dans le cas du gaz carbonique “‘trés 
pur’, si on considére les courbes d’oxydation 
(fig. 3) avant la premiere brisure, c’est-a-dire 
lorsque l’agrandissement est encore négligeable, 
la variation de la constante d’oxydation k; en 
fonction de l’inverse de la température absolue 
1/T est donnée par la figure 16. La courbe 
correspondante implique une énergie d’activa- 
tion de 34400 cal/mole dans  lintervalle 
450-700° C. Cette énergie d’activation est trés 
voisine de la valeur 29 7004-2300 cal/mole qui, 
daprés Auskern et Belle 1%), caractérise la 
diffusion de loxygeéne dans le bioxyde d’ura- 
nium. Cette concordance suggére que, parmi les 
quatre phénomeénes intervenant dans l’oxyda- 
tion de l’uranium: accés du gaz jusqu’au film 
mince compact et adhérent de bioxyde d’ura- 
nium par les fissures de la couche externe, 
dissociation de l’anhydride carbonique, diffu- 
sion de l’oxygéne dans le film précédent, et 
enfin sa réaction a linterface métal-oxyde, 
eest bien l’avant-dernier qui détermine la 
vitesse de la réaction. 


sa valeur 


6. Conclusion 


Compte tenu de la purification poussée de 


Vanhydride carbonique et de la pureté du métal 
mis en oeuvre, est-il possible de conclure que 
les lois d’oxydation de l’uranium pur dans 
Vanhydride carbonique pur ont été réellement 
déterminées? I] en est sans doute bien ainsi 
aux températures supérieures a 450°C, ou 
Vaugmentation de poids qui résulterait de la 
fixation de la totalité de l’oxygéne contenu a 
état d’impureté dans l’anhydride carbonique 
ayant traversé le four resterait négligeable, par 
rapport a lVaugmentation de poids mesurée. 
Par contre, ce n’est pas certain dans l’intervalle 
400-450° C et a fortiori pour les températures 
inférieures a 400° C, ot une purification com- 
plémentaire de Vanhydride carbonique serait 
indispensable, de maniere a ramener sa teneur 
en oxygene et en vapeur d’eau a des valeurs 
trés basses, si possible inférieures au ppm. 

Quant a la cause de la formation des germes 
et des pustules, il apparait prématuré de la 
formuler avec streté dans état d’avencement 
actuel de cette recherche. En effet, il est 
difficile de trancher si l’apparition des germes 
et des pustules est spécifique de la réaction de 
Vanhydride carbonique avec l’uranium, ou si 
elle est au contraire le résultat de la réaction des 
ultimes traces d’impuretés gazeuses de l’anhy- 
dride carbonique avec le métal ou de celle des 
impuretés de uranium avec ce gaz. 

La mise en évidence au cours de cette 
recherche de l’agrandissement des échantillons 
(uranium oxydés dans l’anhydride carbonique 
spécial et trés pur, mérite d’étre soulignée. 

Cet exemple d’agrandissement vient s’ajouter 
a divers autres. Parmi ceux-ci il faudrait en 
particulier citer: 

1) Vagrandissement du zirconium oxydé 
dans Vair, étudié par Baldwin et al.14) et par 
Hérenguel ef al.15); 

2) Vagrandissement de l’aluminium oxydé 
dans l’eau, mis en évidence par Coriou ef al.16) 
et étudié en détail par Hérenguel e¢ al.17); 

3) Vagrandissement du manganése oxydé 
dans Vair, constaté par Paidassi 18). 

Ces exemples dont le nombre pourra étre 
vraisemblablement augmenté dans les années 
qui viennent, montrent que le phénoméne de 
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Vagrandissement des échantillons métalliques 
oxydés aux températures élevées présente un 
certain caractére de généralité, 4 condition que 
Von prenne la précaution de se placer dans 
des conditions d’oxydation convenables. 
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The kinetics of the oxidation of electrolytic flake 
beryllium in carbon dioxide, in carbon monoxide and 
in carbon monoxide-carbon dioxide mixtures have 
been measured at temperatures from 500° to 750° C. 
In carbon dioxide, at temperatures up to 700° C, the 
rate of oxidation continuously decreases with time to 
reach a very small value (e.g. at 700° C, 0.13 uwg/em? h 
after 300 h) whilst at 750° C the rate first decreases 
and then increases, indicating breakaway. If the 
carbon dioxide is admitted to the preheated sample 
the oxidation is very rapid at first and most of the 
carbon deposition occurs over this initial period. In 
carbon monoxide, the oxidation is non-protective 
above 550° C, the rate of oxidation being considerably 
greater than in carbon dioxide. 

When beryllium is heated at 650°C in carbon 
monoxide-carbon dioxide mixtures containing up to 
7.5 % of carbon monoxide, the kinetics are the same 
as in pure carbon dioxide. 


La cinétique de l’oxydation de paillettes de béryluum 
électrolytique dans le gaz carbonique, dans l’oxyde 
de carbone et dans un mélange de gaz carbonique et 
d’oxyde de carbone a été mesurée pour des tempéra- 
tures allant de 500° a 750° C. Dans le gaz carbonique, 
pour des températures allant jusqu’a 700° C, la vitesse 
doxydation décroit continuellement avec le temps 
pour atteindre une trés petite valeur (c’est-a-dire 
0.13 uz/em? h a 700° C aprés 300 heures) tandis qu’a 
750° C, la vitesse décroit d’abord puis croit, ce qui 
est V’indice d’un “‘breakaway’’. Si le gaz carbonique 
est admis sur l’échantillon chauffé au _ préalable, 


1. Introduction 


In Part II 1), the chemistry of the reactions 
of beryllium with carbon dioxide and with 
carbon monoxide at temperatures of 500° C and 
above was elucidated, and it was demonstrated 


a: 


Voxydation se produit trés rapidement d’abord et le 
carbone se déposera presqu’en totalité pendant cette 
période initiale. Dans le gaz carbonique, l’oxydation 
n’est pas protectrice au-dessus de 550° C, la vitesse 
d’oxydation étant considérablement plus grande que 
dans le gaz carbonique. 

Quant le béryllium est chauffé a 650°C dans le 
mélange oxyde de carbone-gaz carbonique contenant 
jusqu’a 7.5 % d’oxyde de carbone, les cinétiques sont 
les mémes que dans le gaz carbonique pur. 


Es wurde die Oxydationskinetik von elektrolytisch 
hergestelltem Berylium in Kohlendioxyd, Kohlen- 
monoxyd und in Mischungen beider Gase bei 500 bis 
750° C untersucht. In Kohlendioxyd nimmt die 
Oxydationsgeschwindigkeit bei Temperaturen bis 
700° C mit wachsender Versuchsdauer kontinuierlich 
ab und erreicht sehr kleine Werte (z.B. 0,13 ug/em? h 
nach 300 Stdn. bei 700° C). Dagegen wird bei 750° C 
die Geschwindigkeit zuerst klemer, wachst dann aber 
wieder an, was auf ein Aufplatzen der Oxydschicht 
hinweist. Wird Kohlendioxyd zu der vorgeheizten 
Probe zugelassen, so ist die Oxydation anfanglich sehr 
heftig. Dabei findet der gréBte Teil der Kohlenstoff- 
ablagerung wahrend dieses ersten Zeitabschnitts statt. 
In Kohlenmonoxyd bilden sich oberhalb 550° C keine 
schtitzenden Deckschichten aus. Die Oxydations- 
geschwindigkeit ist hier betrachtlich gré8er als in 
Kohlendioxyd. 

In Mischungen von Kohlendioxyd mit 7,5 % Kohlen- 
monoxyd wird bei 650° C die gleiche Kinetik wie in 
reinem Kohlendioxyd gefunden. 


that the following reactions occur: 


Be+CO2= BeO+CO (1) 
2Be +CO2=2Be0+C (2) 
Be+CO = BeO+C. (3) 


; Now at Atomic Energy Research Establishment, Harwell, Didcot, Berks., UK. 
175 


176 


In addition, beryllium carbide was shown to be 
present in the reaction product, but it was not 
possible to decide unequivocally whether this 
was formed directly by the reactions 


4Be + COs = 2BeO + BeoC (4) 
3Be+CO = BeO+ BeeC (5) 


or indirectly by reaction of beryllium with 
carbon deposited in (2) or (3) 


2Be+ C= BeeC. (6) 


The rate of carbon deposition during oxidation 
of beryllium in carbon dioxide at a number of 
temperatures was measured, and the results 
showed that reaction (2) only occurs to a small 
extent, at the beginning of the run. Accordingly, 
the important reaction, from the corrosion 
aspect, is (1). 

In the present Part, the oxidation of beryllium 
in carbon dioxide at temperatures in the range 
500°-750° C has been investigated with the 
vacuum microbalance. Since the method was 
gravimetric, the results provide information 
about the overall rate of oxidation [the contri- 
butions of both (1) and (2) to the total weight 
gain] and are thus complementary to those 
described in Part II. Results are also presented 
for the kinetics of the reactions in carbon 
monoxide at 500°-750° C and in three carbon 
monoxide-carbon dioxide mixtures at one 
temperature, 650° C. 


2. Experimental 


The electrolytic flake beryllium was of the 
same batch as that used in the earlier studies 1.2) 
and each sample was chemically polished 3) 
before use in a solution of phosphoric, chromic 
and sulphuric acids for 30 sec at 100° C. 


2M 


For oxidation in carbon dioxide, the weight 
gain of the sample was determined on a vacuum 
microbalance which had a range of 1700 yg 
and a sensitivity such that with a sample size 
of 4 cm X1.5 cm, a weight gain of 0.14 ug/em? 
could be detected. Except for a few runs (which 
will be specifically referred to), the procedure 
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was much the same as that for oxidation in 
oxygen 2), the sample being outgassed at reaction 
temperature before the carbon dioxide was 
admitted to the balance case. All the runs were 
carried out at a pressure of 10 cm and the 
carbon dioxide was either spectroscopically 
pure or was isotopically labelled with C4; no 
attempt was made to oxidise the carbon 
monoxide generated in reaction (1) back to 
carbon dioxide since the volume of the balance 
case was such that the maximum concentration 
of carbon monoxide (weight gain of 100 wg/cm?) 
at the end of a run was only 0.5 %. 


2.2. 


The course of the oxidation in carbon mono- 
xide at approximately 10 cm pressure was 
followed by measuring the change of count rate 
and hence the decrease in pressure of carbon 
monoxide contained in the volumetric appa- 
ratus; the latter was similar to that described 
in Part II except that a ballast volume of 
100 cc was attached to increase the range. A 
weight gain of 2 ug/cm? could be detected with 
a sample measuring 4 cm X1.5 cm; the radio- 
active carbon monoxide was prepared, as 
before 1), by diluting the highly active gas with 
spectroscopically pure inactive carbon mono- 
xide. 


CARBON MONOXIDE 


3. Oxidation in Carbon Dioxide 


3.1. CARBON DIOXIDE ADMITTED TO PRE- 


HEATED SAMPLE 


Runs were carried out at temperatures in 
the range 500° to 750° C and at 10 cm pressure, 
at least one run at each temperature being 
continued for 300 h or longer; at 600° and 
750° C, three long runs were carried out. 

The reproducibility of the curves of weight 
gain against time was rather poor, whether the 
sample was “as-received” or was chemically 
polished. As will be seen (figs. 1 and 2), the 
weight gain after 70 h varied from 17 ywg/cm2 
to 28 ug/cm? for the “as-received” samples at 
550° C and from 24 pg/em2 to 52 yg/cm? for 
chemically polished samples at 600° C, 
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Fig. 1. Oxidation of beryllium at 550° C in carbon 


dioxide at 10 cm pressure; the samples were 
“as-received”. 


The curves of weight gain against time are 
summarised in fig. 3 (500° to 750° C) and fig. 4 
(750° C) and shown in greater detail in fig. 5 
(500°, 550° and 600° C). Apart from the curve 
for 650° C which crosses that for 600° C, the 
curves fall into a regular sequence, the weight 
gain after 300 h increasing fairly uniformly with 
temperature. At temperatures in the range 500° 
to 700° C the rate of oxidation decreases conti- 
nuously with time (fig. 3), whilst at 750° C the 
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Fig. 2. Oxidation of beryllium at 600° C in carbon 


dioxide at 10 em pressure; the samples were chemically 
polished. 


rate decreases and then increases with time 
(runs 15 and 16, fig. 4), i.e. breakaway occurs. 

All the curves show the unusual feature of a 
rapid weight gain over the first few minutes. 
At 500° and 550° C this initial weight gain was 
followed by a period of several hours over 
which the weight of the sample remained 
sensibly constant (fig. 6); but at higher tempera- 
tures (compare run 17 at 600°C, fig. 6) this 
period of constancy was not observed (except 


RUNS 8 &17 (MEAN) 
600°C 


RUN 18 


550°C 


RUN 10 500°C 


200 300° 


TIME (h) 


Fig. 3. 


Oxidation of beryllium at 500°, 550°, 600°, 650°, 700° and 750° C in carbon dioxide at 10 cm pressure. 


The curve for 600°C is the average of runs 8 and 17 shown in fig. 2. 
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perhaps in one or two cases), the oxide layer 
continuing to thicken, though at a reduced rate, 
throughout the run. The initial weight gain 
comprised a large percentage of the total 
measured weight gain (representing, for example 
at 750° C, about 60 % of the weight gain after 
300 h, fig. 4); it was not due to instrumental 
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O° 100 


Fig. 4. 


200 
TIME (h) 


Oxidation of beryllium at 750° C in carbon dioxide at 10 cm pressure. The arrow + indicates the 
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error, for at the end of each run the total weight 
gain checked on an analytical balance agreed 
well (often within + 3 %) with that registered 
on the microbalance; and in one test run, 
deliberately stopped after 30 min, the weight 
gains were 460 + 10 wg (analytical balance) 
and 442 yg (microbalance) respectively. 


300 


time at which the sample in run 21 reached 750° C. 


g/cm?) 
rs) 


WEIGHT GAIN (p 


° 100 


RUNS 8 &17 (MEAN) 


RUN 1g 550°C 


RUN 10 500°C 


200 300 


TIME (h) 


Fig. 5. Oxidation of beryllium at 500°, 550° and 600°C in carbon dioxide at 10 em pressure. 
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Fig. 6. The early stages of the oxidation of beryllium 


at 500°, 550° and 600° C in carbon dioxide at 10 cm 
pressure. 


Along the flatter portion of the graphs the 
data fitted (within experimental error) the 
empirical equation 


aw? +bw=t (7) 


where w is the weight gain at time ¢ and a and b 
are constants (see fig. 7). The values of a and }, 
along with the time range over which the 
equation was found to be valid are given in 
table 2, together with the rate at 300 h calcu- 
lated by eq. (7). The rates do not vary entirely 
regularly with temperature (the rate at 700° C 


55 65 


75 95 
w (yg/cm?) 
Fig. 7. Oxidation of beryllium at 600° C in carbon 
dioxide at 10 cm pressure. The data of run 17 are 


plotted as t/w against w (eq. (7)). Note that the curve 
is linear over the interval A (100 h) to B (500 h). 
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is anomalous) and at a given temperature 
(600° C) the duplicate values differ widely. All 
the rates are however relatively small and from 
the nature of eq. (7) they should tend to 
zero — unless a breakaway intervenes, as in fact 
happens at 750° C, 

In at least one run at each temperature, the 
gas in the balance case was isotopically labelled 
with Cl4 and the amount of carbon deposited 
on the sample was estimated at the end of the 
run by direct counting using a Geiger—Miiller 
tube with an end window 2.4 cm in diameter ; 
counts were taken with the window placed over 
successive areas of the specimen (the edges 
being disregarded) and the reproducibility of 
the assay for a given sample was about 1 %. 
The counter was ‘“‘calibrated”’ using a series of 
beryllium samples which had been oxidised on 
the volumetric apparatus !). 

The results for the amount of carbon deposited 
(wc) on each sample are given in table 1, 
together with the corresponding weight (wo) 
of oxygen taken up as beryllium carbide; as is 
seen, both wc and the ratio wce:wo vary some- 
what erratically from specimen to specimen 
with perhaps a slight tendency to greater values 
of both we and the ratio wc: wo with increasing 
temperature of oxidation. Although the values 
of wc are expressed for convenience in terms of 
unit area of surface, the density of deposited 
carbon was by no means uniform, as can be 
seen from fig. 8, which shows a number of 
typical autoradiographs, obtained by placing 
each sample in contact with X-ray film (Ilford 
Industrial G) for a time depending upon the 
amount of carbon actually present (e.g. 350 h 
for 6 ywg/cm?). 

The specimens oxidised at the lower tempera- 
tures showed interference colours which varied 
from one part of the surface to another, indic- 
ating non-uniformity of thickness of the oxide 
layer; it is believed that with the more highly 
oxidised samples a high surface density of 
carbon is associated with a correspondingly 
greater amount of combined oxygen. Both 
factors illustrate that the beryllium surface is 
by no means homogeneous. 
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TABLE 1 


Summary of data for the oxidation of beryllium in carbon dioxide (at 10 cm pressure) 
FE ES eer 


Length of run Temperature 
Run No. (h) (°C) 
| 
10 305 500 
18 306 550 
13 99 600 
17 502 600 
20 325 650 
14 307 700 
12 0.5 750 
11 143 750 
15 312 750 
16 330 750 


Wo 
(ug/em?) * 


Wo 
(ug/em?) # 


We]/Wo 
(per cent) 


a 


not detd. 
1.4 
0.8 
6.0 
ey 
5.6 
4.5 
ile 
6.6 
10.4 


14.7» 
28.9 
31.2 
87.5 
84.1 
100.1 
33.2 
95.8 
150.6 
133.6 


4.8 
2.6 
6.9 
1.4 
5.6 
14 
1.8 
4.4 
7.8 


a 


b 


we is the weight of deposited carbon and wo the weight of oxygen taken up as beryllium oxide. 


This value also includes the weight of deposited carbon. 


TABLE 2 


Oxidation of beryllium in carbon dioxide at 10 em pressure. Values of the coefficients a and b corresponding 
to eq. (7) and the calculated rate of oxidation is after 300 h. Values for the rate of oxidation in oxygen at 
300 h are included for comparison 


Run Temp. a b 
No: (°C) (em? h/ug?) (cm? h/ug) 
10 500 5.71 63.2 
18 550 0.972 ©" to:6 

8 1.30 34.0 
17 600 0.0821 — 2.30 

9 650 0.0519 0.40 
14 700 0.120 — 9.90 
16 750 0.0523 Bx) 


Range of validity Bate ah 700 tea 
of eq. (7) (h) | in carbon dioxide in oxygen 
185-305 0.0096 0.02 
69-306 0.026 0.04 

138-281 0.019 

120-500 0.098 Hs 
42-305 0.126 0.04 
209-307 0.065 0.13 
50- a a 


a 


Breakaway occurs both in carbon dioxide and 


oxygen at 750° C. 


Fig. 8a 


(For caption 


of fig. 8 see next page) 
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3.2. SAMPLES HEATED TO REACTION TEMPERA- 
TURE IN CARBON DIOXIDE 


A few additional runs were carried out, both 
on the microbalance and on the volumetric 
apparatus, in which the sample was heated to 
reaction temperature in carbon dioxide, out- 
gassing being confined to room temperature. 

A typical run, at 750° C, on the microbalance 
is shown in fig. 4 (run 21); the initial rapid 
weight gain is now absent and the rate of 
oxidation decreases uniformly from the start 
of the run. From the general appearance of the 
curve it would seem that had the run been 
continued for a long enough time, the latter 
stages of the curve would have conformed 
broadly to those of runs 15 and 16 obtained 
with the standard procedure of admitting the 
gas to the heated sample. The amount of 
deposited carbon was however significantly less 
than the mean of the values for runs 11, 15 
and 16 (0.7 wg/em?2 as compared with 6.2 ug/cm?). 

Two runs were also carried out, at 650° and 
750° C respectively, on the volumetric appa- 
ratus !) to study the rate of deposition of carbon 
directly; the generated carbon monoxide was 
re-oxidised to carbon dioxide by means of 
heated cupric oxide (cf. Part II). At 650° C 
(fig. 9) the amount of deposited carbon steadily 
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Fig. 9. Oxidation of beryllium at 650° C and 750° C 


showing the rate of carbon deposition. The samples 

were heated from room to reaction temperature in 

carbon dioxide. The lines AB and CD are referred 
to in the text. 
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increased over the first 150 h, levelling off at a 
value about half that obtained when the gas 
was admitted to the pre-heated sample [line 
AB,1)]. In the run at 750°C, however, the 
amount of deposited carbon steadily increased 
to reach a value significantly greater than that 
obtained when the standard procedure was used 
{line CD,1)]. Since, however, the total weight 
gain of 500 wg/em? (found by direct weighing at 
the end of the run) was considerably greater 
than in the runs at 750° C referred to in fig. 4, 
the present run is probably not typical. 

The effect of heating the metal to reaction 
temperature in carbon dioxide rather than 
admitting the gas to the heated sample is thus 
to eliminate the initial rapid weight gain and 
probably also to reduce the amount of carbon 
deposited without significantly altering the total 
weight gain after a period of 100 h or more. 


4, Oxidation in Carbon Monoxide 


Runs were carried out at temperatures in the 
range 500° to 750° C for times extending up to 
150 h; the initial pressure of carbon monoxide 
was 10 cm and the run normally terminated 
either before or when the pressure had fallen to 
5 em; evidence presented below will show that 
the rate of oxidation is essentially independent 
of pressure over this range. 


4.1. 


The data (now expressed as mg/cm?) are 
summarised in fig. 10 and their course over the 
first 12 h is shown in greater detail in fig. 11. 
As is seen from fig. 10, the agreement between 
duplicate runs is considerably better than that 
obtained with oxidation in carbon dioxide. 

All the curves again show a rapid initial 
weight gain which varied from 0.1 mg/cm? for 
500° C to 0.5 mg/cm? for 700°C (fig. 11). At 
the former temperature there is little reaction 
after the initial weight gain (slope of curve is - 
0.4 uwg/cm? h) so that the oxidation would seem 
to be protective; whereas at 550° C and above, 
the metal continues to oxidise at an appreciable 
rate. At 550°C the rate reached a constant 
value (4.5 ug/cm2 h) after about 50 h and it is 
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200 250 


Oxidation of beryllium in carbon monoxide at 500°, 550°, 600°, 650°, 700° and 750° C. The initial 


pressure was 10 cm and the runs terminated before the pressure had decreased to 5 cm. 


likely that the curves at the higher tempera- 
tures might similarly have reached a constant 
rate had the runs been continued for a suffi- 
ciently long period. Thus the oxidation is almost 
certainly non-protective at 550° C and above, 
a conclusion supported by the fact that the 
reaction product spalled as a black powder 
from the specimen during the course of the run; 
moreover, in some of the runs, particularly 
those at 600° and 650°C, the rapid initial 
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Fig. 11. Early stages of the oxidation of beryllium 


at 500°, 600° and 700°C in carbon monoxide at 
10 cm pressure. 


weight gain was followed by a period of time 
over which the rate decreased and then abruptly 
increased (fig. 11), indicating breakaway. 

At 500° and 650°C runs were also carried 
out in which the sample was heated from room 
to reaction temperature in carbon monoxide 
(cf. Section 3.2). As in the corresponding experi- 
ments with carbon dioxide, the initial rapid 
weight gain was absent (e.g. at 500°C after 
50 h, the weight gain was only 0.5 mg/cm?) 
but the subsequent rate of oxidation, judging 
from the run 39A at 650° C, was approximately 
the same as if the gas had been admitted to the 
pre-heated sample (fig. 12). 

In one run at 600°C a further charge of 
carbon monoxide was admitted (at A, fig. 13) 
when the pressure had fallen from 10 cm to 
5 em; no change in the rate of oxidation was 
noted, thus disproving the possibility that the 
decrease in rate is due to a reduction in the 
pressure of carbon monoxide. 


4.2. COMPARISON WITH CARBON DIOXIDE 
A comparison of the data for carbon monoxide 
with those of Section 3.1 shows that both the 


total weight gain and the rate of oxidation are 
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Fig. 12. Oxidation of beryllium at 650° C in carbon 


monoxide at 10 cm pressure. The sample of 39A was 

heated in-carbon monoxide from room to reaction 

temperature; the curve is displaced from that of 31A, 

where the gas was admitted to the pre-heated sample, 

by an amount equivalent to the rapid initial 
weight gain. 
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Oxidation of beryllium in carbon monoxide 
at 600° C. At A, more carbon monoxide was admitted 
to restore the pressure to 10 cm; that the rate is 
unaffected shows that the reaction is independent of 
pressure over the range 5 to 10 cm. 


Fig. 13. 


considerably greater in carbon monoxide than 
in carbon dioxide for a given time and tempera- 
ture; thus at 550°C the weight gain is some 
twenty times larger after a period of 50 h, 
while the rate at 300 h is two hundred times 
greater. A second and more important difference 
is that the oxidation in carbon dioxide is 
protective at temperatures up to 700° C whereas 
in carbon monoxide it ceases to be protective 
at a temperature between 500° and 550° C. 
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5. Oxidation in Carbon Monoxide-Carbon 
Dioxide Mixtures 


Since the oxidation of beryllium in a mixture 
containing relatively small concentrations of 
carbon monoxide is of some technological im- 
portance, the reaction at 650° C was studied in 
each of three gas mixtures containing respecti- 
vely 2.5, 5 and 7.5 % of carbon monoxide by 
volume and with a total gas pressure of 10 cm. 

Except for one run, the method of continuous 
weighing was abandoned; separate samples were 
oxidised, the weight gain of each sample being 
determined by direct weighing and the amount 
of deposited carbon by the direct “‘counting”’ 
procedure described in Section 3.1. The gas 
mixture contained both radioactive carbon 
monoxide and radioactive carbon dioxide, the 
specific activities of the two gases being approxi- 
mately the same; analysis of the mixture at the 
end of the oxidation run showed that any 
change in composition during the run was less 
than 1%. 

Samples were oxidised for 50, 100, 200 and 
300 h and from the results (fig. 14) it is clear, 
taking into account the fact that each experi- 
mental point was determined using a separate 
sample, that there is little increase in weight 
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Fig. 14. Oxidation of beryllium at 650° C in three 
carbon monoxide-carbon dioxide mixtures at a 
total pressure of 10 em. The weights of combined 
oxygen (Wo) and of combined carbon (wc) are shown 
by the left-hand and right-hand scales or ordinates 

respectively. 
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over the last 100 to 200 h of each of the three 
composite runs. This conclusion was confirmed 
by a single run on the microbalance in a mixture 
containing 5 % carbon monoxide, when, as is 
seen (run 19, fig. 15), the rate continuously 
decreased to reach a value of 0.05 ug/cm? h at 
300 h. Little significance is attached to the fact 
that the curve for the mixture crosses and falls 
below that for carbon dioxide (run 9), since the 
latter curve is anomalous—it does not fall into 
the regular family of curves for the lower 
temperatures (fig. 3). 
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Fig. 15. Comparison of the oxidation of beryllium 


at 650° C in carbon dioxide at 10 em pressure (run 9) 
with that in a 5 % carbon monoxide-carbon dioxide 
mixture (run 19). 


If the weight (wo) of combined oxygen after 
300 h is taken as a standard of comparison, 
there is no significant increase in the amount 
of oxidation with increasing concentration of 
carbon monoxide (fig. 14); wo varies in a some- 
what erratic manner from 73 ug/cm? for the 
mixture containing 0% carbon monoxide to 
62 ug/cm? for that containing 7.5 % carbon 
monoxide. Similarly, the amount of deposited 
carbon (wc) shows no significant trend with 
increasing carbon monoxide concentration, and 
varies from 1.2 wg/cm? for 0 °% carbon monoxide 
to 0.6 ug/em? for 7.5 % carbon monoxide. 

The above results indicate that when beryl- 
lium is oxidised in mixtures containing up to 
7.5 % carbon monoxide, the oxidation follows 
the same course as in carbon dioxide alone. 
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That the carbon monoxide in a mixture con- 
taining 5 °% carbon monoxide and 95 % carbon 
dioxide does not react to a significant extent 
with beryllium, is proved in an experiment in 
which a sample of the metal was oxidised for 
90 hin a mixture containing isotopically labelled 
carbon monoxide; the amount of radioactive 
carbon deposited on the sample was 0.2 wg/cm? 
so that the weight gain due to reaction with 
carbon monoxide was only 0.4 wg/em? (0.2 x3) 
as compared with a total weight gain of 
60 ug/cm?. 


6. Discussion 


6.1. OXIDATION IN CARBON DIOXIDE 


By analogy with the oxidation of beryllium 
in oxygen 2), the thickening of the film in carbon 
dioxide is likely to proceed by the outward 
diffusion of Be++ ions and their electrons from 
the metal to react with chemisorbed carbon 
dioxide at the gas/oxide interface. In principle, 
there are two different ways in which carbon 
dioxide #) could be chemisorbed; it could either 
be associated with a lattice O-~ ion to form a 
CO3-~ ion (fig. 16a), or it could be dissociated 
(fig. 16b) into a CO+ ion and an O- ion, the 
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Fig. 16. Illustrating the chemisorption of carbon 
dioxide on the oxide surface: (a) interaction of CO2g 
with a lattice O-- ion to form a CO3-- ion; 
(b) dissociation of COz into a CO+ ion and an O- ion; 
(c) the probable state of the chemisorbed CO2 
molecule; the positions A and B are referred to in the 
text; (d) as for (c), the positions A, B, C and D are 
referred to in the text. 
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former taking up a position over an O-~ ion 
and the latter over a B++ ion; the O~ ion may 
capture an electron from the metal to become 
doubly charged. The actual condition of the 
chemisorbed carbon dioxide is likely to be inter- 
mediate between the two, and for convenience 
one might regard it as that of a polarised carbon 
dioxide molecule oriented in such a way that 
the negative end is close to a lattice Bet+* ion 
and the positive end close to a lattice O~~ ion 
(fig. 16c). 

On the basis of this model it is possible to 
give a qualitative interpretation of the reaction 
between beryllium and carbon dioxide in terms 
of the number of Be++ ions diffusing through 
the film and thus available to form a transition 
complex with the chemisorbed carbon dioxide 
molecule. Thus the reaction: 


Be + COzg = BeO + CO (1) 


is seen to correspond to a Be++ ion being 
present at position A of fig. 16c and reacting 
to form one BeO and discharging a CO molecule. 
If, on the other hand, two Bet++ ions were to 
be present simultaneously in each of positions 
A and B of fig. 16c, the carbon dioxide molecule 
would be so strained as to produce two BeO 
and release a carbon atom: 


2Be + CO2= 2Be0+C (2) 


stated in other terms, an activated complex 
would be set up and would decompose to form 
2BeO +C. It is easy to see that if the reaction 


4Be + COz = 2BeO + BegC (4) 


were to occur, this would require four Be++ ions 
to be present simultaneously in the positions 
A, B, C and D of fig. 16d, and since the proba- 
bility of such a conformation must be extremely 
small, it is likely that the beryllium carbide 
present in the oxide layer is formed by reaction 
of beryllium with carbon after the latter has 
been deposited: 


2Be + C= Be,C. (6) 


If, then, reaction (4) is excluded so that deposi- 
tion of carbon only proceeds by reaction (2), 
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it is easy to calculate (by comparing wo and we 
for run 17 at 750°C, table 1) that over the 
period of the rapid initial weight gain, one out 
of every six carbon dioxide molecules reacts 
with two Be++ ions as in (2) and five out of 
every six carbon dioxide molecules react with 
only one Be++ ion as in (1). 

Now reaction (2) should be favoured relative 
to reaction (1) when the diffusion flux of 
Bet+ ions through the film is relatively large; 
and this is found in practice for those runs 
where the carbon dioxide was admitted to the 
pre-heated sample; almost all the carbon 
deposition occurred over the period of the rapid 
initial weight gain whereas along the flatter 
part of the oxidation curve beryllium oxide 
was the only solid product. 

This picture explains why the initial weight 
gain (when it occurs) is associated with a 
relatively large amount of carbon deposition 
but it does not explain why the rapid initial 
oxidation should occur at all; for as the film 
thickens the number of Bet++ ions diffusing 
through the film would be expected to corre- 
spondingly decrease. It must however be realised 
that the film formed over the period of the 
initial weight gain contains a relatively large 
amount of carbon (e.g., at 750°C the film 
contains 8 % by weight of carbon) which will 
give rise to a highly imperfect lattice; the 
resultant imperfections will promote the dif- 
fusion of Be++ ions. In time the lattice would 
become more regular, probably as a result of 
one or both of two processes: (a) the carbon 
atoms may react with the Bet+ ions and 
electrons diffusing through the film to form 
beryllium carbide (reaction 4); the resultant 
carbide ions could then diffuse through the 
oxide lattice to form a nucleus of beryllium 
carbide which grows into discrete particles 5), 
(b) the carbon atoms themselves may migrate 
in atomic form to produce discrete crystallites 
(while carbon atoms are not mobile in a carbon 
lattice at these temperatures, they could well 
be mobile in a distorted beryllium oxide lattice). 
The mechanism (a) would explain why, at the 
lower temperatures (fig. 6), the initial weight 
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gain is sometimes followed by a period of little 
further oxidation; presumably only a few 
Bet+ ions reach the gas/oxide interface, and a 
majority of those entering the film react there 
with the carbon already present to form 
beryllium carbide, a process involving no 
weight gain. 

It might be thought that the initial weight 
gain arises because the heat generated by the 
reaction raises the temperature of the sample 
significantly above that of the furnace, but 
even for the runs at 750°C the calculated 
maximum value of the temperature rise §) 
would only be 6° C. Further, it is particularly 
significant that the rapid initial weight gain 
was not obtained with the runs in oxygen, yet 
the molar heat of reaction is actually greater 
than that in carbon dioxide. 

Apart from the initial weight gain, perhaps 
the most striking feature of the curves is their 
general similarity to those for oxidation in 
oxygen: for temperatures up to and including 
700° C the weight gains at 300 h are about the 
same as in oxygen and the rates of oxidation 
after 300 h in the two gases are of the same 
order (see table 2); a further point of similarity 
is that at 750° C breakaway occurs in both gases. 
This suggests that when, after the period of 
initial weight gain, the lattice has become more 
ordered, the rate of diffusion of Be++ ions 
across the oxide film is the same for oxidation 
in carbon dioxide as for oxidation in oxygen. 
There is however one difference between oxida- 
tion in oxygen and in carbon dioxide: the 
intermittent or “jerky” oxidation found with 
the former is absent in carbon dioxide, pointing 
to some difference in the mechanical properties 
of the film (see Part I). 

The data, after the initial weight gain at all 
temperatures even for the 500 h run at 650° C, 
conform closely to the empirical equation 


aw? + bw=t (7) 


but since this contains two disposable constants 
and because the conformity is restricted to the 
flat part of the curves, the agreement does not 
in itself constitute a proof that the rate of 
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oxidation is controlled by the rate of diffusion 
of Be++ ions across the film ”). 


6.2. OXIDATION IN CARBON MONOXIDE 


When beryllium is oxidised in carbon mono- 
xide, only the two reactions: 


Be +CO=BeO +C (3) 
3Be + CO= BeO + BezC (5) 


are possible on thermodynamic grounds and 
this gives rise to an important difference between 
oxidation in carbon dioxide and in carbon 
monoxide. In carbon dioxide the amount of 
carbon deposition can in principle vary from 
zero to a maximum value of 27 % of the total 
weight gain, whereas in carbon monoxide the 
carbon deposition must of necessity be accom- 
panied by oxide formation and so is fixed at 
43 % of the total weight gain. 

The carbon monoxide molecule is probably 
weakly chemisorbed on the beryllium oxide 
surface 8) and by arguments similar to those 
developed in the preceding section for carbon 
dioxide it is likely that reaction (3) corresponds 
to the formation of a transition complex of the 
form (Bet++...OC) on the oxide surface, which 
decomposes to form one BeO and one carbon 
atom. Since reaction (5) would necessitate the 
formation of the rather unlikely transition 
complex involving three Bet+ ions, it would 
seem that most if not all of the beryllium carbide 
(comprising 30% by weight of the reaction 
product) is formed by reaction between beryl- 
lium and carbon already deposited. 

The oxidation curves again show a rapid 
initial weight gain whose magnitude, for a given 
temperature, is greater than that obtained in 
carbon dioxide (259 ug/em? as compared with 
61.5 uwg/cm? at 750° C). This is readily explained 
along the lines of Section 6.1: since the amount 
of carbon in the film is greater, the lattice is 
correspondingly larger until, in the region of 
X (fig. 11), the film crystallises. 

If the sample is heated to reaction tempera- 
ture in carbon monoxide the rapid initial weight 
gain is no longer obtained. Indeed at 500° C 
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there was little reaction and the film hardly 
thickened above its room temperature value 
whilst at 650° C the metal oxidised non-protec- 
tively and the curve was approximately parallel 
to that obtained using the standard procedure 
(fig. 12). It would thus appear that for runs 
where the gas is admitted to the heated sample 
the carbon deposition, in addition to giving 
rise to a distorted lattice in the newly created 
film, also causes imperfections in the underlying 
room temperature film, for otherwise the period 
of rapid initial weight gain would not have been 
obtained at 500° C (fig. 11). 


OXIDATION IN CARBON MONOXIDE- 
CARBON DIOXIDE MIXTURES 


6.3. 


When beryllium is heated in a mixture of 
carbon monoxide and carbon dioxide, it will 
react with each component to an _ extent 
depending upon the relative number of adsorp- 
tion sites which each gas occupies at the gas/ 
oxide interface. This in turn will depend upon 
the composition of the gas mixture. The graphs 
of fig. 14 show that for mixtures containing up 
to 7.5 % of carbon monoxide, the oxidation 
follows the same course as in carbon dioxide 
alone; and the experiment with isotopically 
labelled carbon monoxide and inactive carbon 
dioxide would seem to demonstrate conclusively 
that for a mixture containing 5 % of carbon 
monoxide, reaction at 650° C between beryllium 
and carbon monoxide is almost negligible. 

An interesting question is whether beryllium, 
when heated in various carbon monoxide- 
carbon dioxide mixtures, will continue to react 
essentially with carbon dioxide alone until some 
critical composition of carbon monoxide is 
reached or whether the reaction will gradually 
change from one with carbon dioxide alone to 
one with both carbon monoxide and carbon 
dioxide. In Part II it was suggested (from 
kinetic measurements at 700°C) that there 
exists a minimal concentration of carbon 
monoxide (greater than 90%) below which 
beryllium reacts with carbon dioxide alone. 
This inference has been confirmed in part by 
a test experiment on the volumetric tracer 


So 7. GREGG, B.J. BUSSE AN De Wi-ere dre bro On 


apparatus in which a sample was heated at 
700° © for 140 h in a mixture containing equal 
molar concentrations of carbon monoxide and 
carbon dioxide: the rate of carbon deposition 
was just detectable (0.18 ug/cm? h) so that even 
for a mixture of this composition the reaction 
is still essentially one with carbon dioxide alone 
(the rate of carbon deposition in pure carbon 
monoxide at 700° C is about 7 wg/em? h and in 
pure carbon dioxide almost zero). 


Conclusions 


When electrolytic flake beryllium is heated 
in carbon dioxide at temperatures up to and 
including 700° C, the rate of oxidation continu- 
ously decreases with time to reach a very small 
value after 300 h, varying from 0.01 wg/em? h 
at 500°C to 0.07 ug/cem2 h at 700°C. An 
experiment at 600° C, which was continued for 
500 h, showed that the rate at 300 h is not a 
limiting value. At 750° C the rate of oxidation 
first decreases and then increases with time, 
indicating breakaway. 

When the carbon dioxide is admitted to the 
sample pre-heated to reaction temperature, 
there first occurs a period of rapid weight gain 
after which the rate of oxidation decreases; 
most of the carbon deposition occurs over this 
initial period. If, however, the sample is heated 
in carbon dioxide from room to reaction tempe- 
rature, the initial weight gain is no longer 
obtained and carbon deposition occurs over a 
longer period and the amount deposited is less. 
An experiment at 750°C indicates that after 
about 100 h the total weight gain and the rate 
of oxidation are about the same for each of the 
two starting procedures. A striking feature of 
the oxidation curves in carbon dioxide is their 
general similarity, apart from the initial weight 
gain, to those in oxygen for any given tempera- 
ture. 

In carbon dioxide the reactions are 


Be+COz= BeO+CO (a) 


and 


2Be + CO2= 2Be0 +C (b) 
with (a) predominating. Whilst (a) corresponds 
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o the formation of a transition complex on the 
yxide surface involving one Be++ ion and one 
302 molecule, (b) requires a transition complex 
vith two Bet+ ions so that this reaction will 
mly proceed to an appreciable extent when the 
lux of Bet+ ions through the film is relatively 
arge. This is the case over the period of the 
apid initial weight gain; after the film crystal- 
ises and the rate of oxidation decreases, 
eaction (b) only proceeds to a negligible extent 
und the metal thus oxidises almost exclusively 
oy (a). Since the direct formation of beryllium 
carbide would require the unlikely transition 
-omplex of four Be++ ions and one COz2 molecule, 
t is concluded that beryllium carbide is formed 
ndirectly by reaction of some of the carbon 
ulready deposited in (b). 

The rate of oxidation of beryllium in carbon 
monoxide is considerably greater than in carbon 
lioxide, and at 550° C and above, the oxidation 
s non-protective and the reaction product spalls 
rom the sample during the run. Because there 
s only the one reaction 


Be +CO=BeO +C (c) 


carbon deposition must of necessity accompany 
oxide formation and it is the former which, by 
listorting the lattice, increases the diffusion 
lux (the rapid initial weight gain is considerably 
yreater in carbon monoxide than in carbon 
dioxide) and ultimately causes the film to crack. 

The kinetics of the oxidation at 650°C in 
carbon monoxide-carbon dioxide mixtures 
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containing up to 7.5 % of carbon monoxide, 
and at 700° C in a mixture containing 50 % of 
carbon monoxide, have been shown to be the 
same as in pure carbon dioxide. (In Part II 
other evidence was adduced that the kinetics 
only change when the percentage of carbon 
monoxide is in excess of 90%.) That the 
reaction remains essentially one with carbon 
dioxide is attributed to preferential adsorption 
of carbon dioxide on the oxide surface. 
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The kinetics of the oxidation of electrolytic flake 
beryllium both in water vapour (1.2 cm pressure) and 
in moist oxygen (10 em total pressure; partial pressure 
of water, 1.2 cm) have been investigated at tempera- 
tures in the range 500°—750° C; there was no significant 
difference between oxidation in these two gases. At 
temperatures up to and including 600° C the oxidation 
follows the same course as in dry oxygen, the rate 
continuously decreasing with time to reach a very 
small value after about 100 h. At 650° C and above, 
the oxidation is no longer protective and breakaway 
takes place, both the weight gain and the time at 
which breakaway occurs becoming less with increasing 
temperature. Metallographic examination of partially 
oxidised samples shows that the reaction after break- 
away takes the form of attack down the particle 
boundaries giving rise to an interpenetrating network 
of oxide and metal. The effect of an oxide layer 
pre-formed in dry oxygen is shown to retard but not 
prevent breakaway on subsequent exposure to water 
vapour. 


La cinétique de l’oxydation de paillettes de béryllium 
électrolytique a la fois dans la vapeur d’eau (1.2 cm 
de pression) et dans l’oxygéne humide (pression totale 
10 em; pression partielle de Veau, 1.2 em) a été 
étudiée pour des températures dans le domaine 
500°—750° C; il n’y avait pas de différence notable 
d’oxidation dans ces deux gaz. Pour des températures 
allant jusqu’a 600° C inelus, ’oxydation suit exacte- 
ment la méme loi que dans l’oxygeéne sec, la vitesse 
décroit continuellement avec le temps pour atteindre 
une trés petite valeur aprés 100 heures environ. A 
650° C et au-dessus, l’oxydation n’est plus protectrice 
et un “breakaway” se produit, le gain de poids et le 


1. Introduction 
Earlier Parts 12.3) of the series have dealt 


with the oxidation of electrolytic flake beryllium 
in oxygen, carbon monoxide and carbon dioxide 


temps auquel se produit le “breakaway”? diminuant 
avec la température croissante. Un examen métallo- 
graphique d’éprouvettes partiellement oxydées révéle 
qu’aprés le ‘“‘breakaway’’, la réaction a lieu sous forme 
d’attaque sous les limites des particules, ce qui donne 
lieu & un réseau ot s’interpénétrent oxyde et métal. 
Une couche d’oxyde préformée dans loxygéne sec 
aurait pour effet de retarder, mais non d’empécher le 
‘breakaway’ au cours d’une exposition ultérieure a la 
vapeur d’eau. 


Es wurde die Kinetik der Oxydation von elektrolytisch 
hergestelltem Beryllium im Wasserdampf (12 mm 
Druck) und in feuchtem Sauerstoff (100 mm Total- 
druck, 12 mm Partialdruck des Wassers) zwischen 
500 und 750° C untersucht. Die Oxydation war in den 
beiden Gasen nur unwesentlich verschieden. Bis zu 
600° C nimmt die Oxydation den gleichen Verlauf 
wie in trockenem Sauerstoff. Die Geschwindigkeit 
fallt hierbei mit steigender Versuchsdauer stetig ab 
und erreicht nach etwa 100 Stdn. einen sehr kleinen 
Wert. Bei 650° C und dariiber werden keine schiitzen- 
den Deckschichten mehr gebildet. Die Oxydschichten 
platzen auf, wobei die Zeit bis zum Aufplatzen und 
die bis dahin erreichte Gewichtszunahme mit wach- 
sender Temperatur abnimmt. An teilweise oxydierten 
Proben lie8 sich mikroskopisch zeigen, daB nach dem 
Aufplatzen em Angriff vornehmlich entlang der 
Teilchengrenze stattfindet, wodurch sich gegenseitig 
durchdringende Netze aus Oxyd und Metall ent- 
stehen. In trockenem Sauerstoff vorgebildete Oxyd- 
schichten verzdgern beim nachfolgenden Angriff 
durch Wasserdampf das Aufplatzen der Deckschichten, 
vermogen dies aber nicht vollig zu verhindern. 


at temperatures between 500° and 750° C. The 
present Part is concerned with the kinetics of 
the isothermal oxidation in water vapour at 
1.2 cm pressure (equivalent to the saturation 


t Now at Atomic Energy Research Establishment, Harwell, Didcot, Berks., UK. 
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vapour pressure of water at 18° C) and in moist 
oxygen at a total pressure of 10 cm and a 
partial pressure of water of 1.2 cm. A number 
of temperatures in the range 500° to 750°C 
were studied and at one temperature, 700° C, 
the oxidation was also carried out in water 
vapour at two pressures below 1.2 cm. 

The results strongly suggest that the course 
of the oxidation in moist oxygen is essentially 
as in water vapour alone. A striking feature of 
the results is that breakaway occurs at 650° C 
and above in both media; metallographic exami- 
nation shows that after breakaway, oxidation is 
accompanied by marked intergranular pene- 
tration of the metal. 


2. Experimental 


The electrolytic flake beryllium was of the 
same batch as that used in Parts I-III and, as 
before, each sample was chemically polished in 
a mixture of phosphoric, chromic and sulphuric 
acids (at 100° C for 30 sec) prior to oxidation. 

The course of the oxidation was followed by 
measuring the weight gain of the beryllium 
specimen on a vacuum microbalance similar to 
that used in Part I 1). Because of the larger 
weight gains to be expected, the range of the 
balance was increased to 4 mg and the sensitivity 
correspondingly reduced to 4 ug (equivalent to 
0.6 ug/cm? for a sample measuring 3.5 cm xX 
1 cm). Two of the runs (those in moist oxygen 
at 500° and 550° C) were however carried out 
on a balance sensitive to 1 mug. 

For oxidation in water vapour the procedure 
was similar to that for dry oxygen!); the 
sample was outgassed at reaction temperature 
and the required pressure of water vapour 
(1.2 cm) was then produced by opening the 
balance case to a bulb containing a saturated 
aqueous solution of ammonium nitrate, thermo- 
stated at 22.5° C. For the runs in moist oxygen, 
the sample was first outgassed as before, oxygen 
then admitted to a pressure of 8.8 cm and water 
vapour admitted (by breaking open a sealed 
bulb containing the requisite quantity of liquid 
water) to give a total pressure of 10 cm; this 
meant that for the first few minutes of each 
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run the beryllium was exposed to dry oxygen 
alone. As distinct from the runs in water vapour 
where the pressure was kept constant throughout 
the run, the water consumed during oxidation 
in moist oxygen could not be replaced; but even 
for a weight gain of 4 mg, the partial pressure 
of water would only decrease by 10 %. (Volume 
of balance case was 2 litres.) 


3. Results 
lhe 


The curves for oxidation in water vapour 
(1.2 cm) at temperatures from 550° to 750° C 
are shown in figs. 1 to 4. At 550°C (fig. 1) 
oxidation effectively ceased after about 100 h, 
since after a further 200 h the additional weight 
gain was only 0.7 wg/cm? corresponding to the 
addition of about 10 atomic layers. At 600° C 
the rate of oxidation was again comparatively 
large at first but it progressively decreased to 
a constant, and relatively small, value of 
0.06 ug/cm? h after about 80 h. 

The curves at 650° C and above (figs. 2 to 4) 
are distinguished from those at the lower 
temperatures by the fact that the oxidation is 
no longer protective: the rate first decreases 
and then increases, indicating breakaway and 
subsequent non-protective oxidation. At 650° 
and 700° C the rate of oxidation was apparently 
still increasing when the runs were stopped, 
whereas at 750° C a constant rate (700 ug/cm? h) 
was reached after about 2 h. Reference to 
figs. 2 and 4 will show that the time and the 
weight gain at which breakaway occurred both 
diminished with increasing temperature; thus 
at 650°C breakaway intervened after about 
35 h (weight gain, 65 wg/cm?) while at 750° C 
breakaway occurred after only 1 h (weight gain, 
5 ug/em?). Since breakaway takes the form of 
localised intergranular penetration of the metal 
(Section 3.3), the weight gain per cm? of 
geometrical area is of formal significance only. 
The discontinuities in the curve at 650° C 
(run A386, fig. 2) are also explicable in terms of 
localised intergranular oxidation. 

At 700°C runs were also carried out with 
two smaller pressures of water vapour, 0.058 cm 
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and 0.000 05 cm (corresponding to the saturation 
vapour pressure of water at — 23° C and —78° C 
respectively) and, as is seen (fig. 5), the oxidation 
rate is pressure dependent. In run B41 (0.000 05 
em) breakaway did not occur in the 75 h period 


RUN A 23 
650°C. 

430 
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of the run, but the calculated pressure of 
corrosion product, hydrogen, in the balance 
case was then about 0.13 cm, so that the rate 
of diffusion of water vapour to the sample may 
have been rate-controlling. Run B41 showed 
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Fig. 1. Oxidation of beryllium at 550°, 600° and 650°C in water vapour at a pressure of 1.2 cm. 
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Fig. 2. Oxidation of beryllium at 650° C. Comparison of the oxidation in water vapour at a pressure of 1.2 em 
(runs A22, A23 and A36) with that in moist oxygen at 10 em with 1.2 em partial pressure of water 
(runs Al8 and A20). 
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Fig. 3. Oxidation of beryllium at 600°, 650°, 700° 


and 750° C in water vapour at a pressure of 1.2 cm. 
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Fig. 4. Oxidation of beryllium at 750° C. Comparison 


of the oxidation in water vapour at a pressure of 

1.2 em (run B30) with that in moist oxygen at 10 cm 

total pressure with 1.2 em partial pressure of water 
(runs B27 and B29). 
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Fig. 5. Oxidation of beryllium in water vapour at 


700°C showing the effect of pressure (run B41, 
0.000 05 cm; run B42, 0.058 ecm; run B38, 1.2 cm). 
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also the unusual feature of an actual loss in 
weight after ca 10 and ca 45 h, for reasons as 
yet unexplained. The run at a pressure of 
0.058 cm (B42) falls below that at 1.2 cm (B38) 
and the discontinuous weight changes associated 
with localised penetration into the metal are 
again clearly evident. For technical reasons the 
pressure of water vapour unavoidably dimin- 
ished by about 17 % overnight, but since the 
dependence of rate on pressure is likely to be 
logarithmic, this decrease should not have 
significantly altered the kinetics. 


3.2. OXIDATION IN MOIST OXYGEN 

Curves for the oxidation in moist oxygen 
(partial pressure of water vapour, 1.2 cm) are 
shown in fig. 6; at temperatures up to and 
including 600°C the oxidation is protective, 
for at 550°C there is little further oxidation 
after about 60 h, and at 600° C the rate decreases 
to a constant value of 0.07 ug/cm? h as compared 
with 0.06 ug/cm? h for pure water vapour. The 
course of the oxidation in moist oxygen is thus 
very similar to that in water vapour, and 
reference to table 1 will show that the weight 
gains in moist oxygen are slightly but not 
significantly greater than the corresponding 
values in water vapour. An interesting feature 
of the curve at 500° C (fig. 6) is the discontinuity 
at 180 h, which causes the weight gain after 
300 h to be greater at 500° C than at 550° C. 
Analogous discontinuities were found when 
electrolytic flake beryllium was oxidised in dry 
oxygen (Part I). 

At 650° C and above, the rate of oxidation 
first decreased and then increased, indicating 
breakaway (figs. 2 and 7); and both the weight 
gain and the time at which breakaway occurred 
diminished with increasing temperature (com- 
pare B27 and B29 at 750° C with B31 at 700° C, 
fig. 7). Further, breakaway occurred earlier in 
water vapour than in moist oxygen at both 
700° and 750° C (fig. 4); the probable reason is 
that in the runs in moist oxygen several minutes 
elapsed before water vapour could be admitted 
to the balance case, so that a “dry” oxide film 
which might be expected to retard breakaway 
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was inevitably formed. The ability of such a 
film to retard breakaway was demonstrated by 
a further experiment at 700° C (B39, fig. 8) in 
which a ‘“‘dry” film was deliberately pre-formed 


Fig. 6. 
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by first exposing a sample to dry oxygen for 
113 h, yielding a weight gain of 90 ug/cm? 
(4600 A); on pumping out the oxygen and 
admitting water vapour to 1.2 cm pressure, 
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Oxidation of beryllium at 500°, 550°, 600° and 650° C in moist oxygen at a total pressure of 10 cm 
with 1.2 cm partial pressure of water. 
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Summary of the weight gains obtained in water vapour, moist oxygen and dry oxygen 1) 


Water vapour Moist oxygen Dry oxygen 
AS Time Wt. gain ‘Bar Time Wt. gain Ron Time Wt. gain 
(h) (ug/em?) (h) (ug/cm”) (h) (ug/em?) 
— = _ A26 290 22.0 A‘9 313 20.8 
A35 300 15.4 A832 289 16.6 A3 300 36.3 
A37 300 30.5 A25* 309 41.2 AT 308 42.0 
A22* 163 298 Als 70 144 Al0 290 60.7 
A23 93 220 A20* 165 276 — — a 
A36 185 144 — — — _ — — 
B38* 26 815 B31 31 429 B13 300 70.9 
B33* 11.3 98.1 — — = a ee a 
B30 2.3 543 B2i* 12 556 Bl4 50 210 
— — = B29* 9.6 547 B15 107 226 
a — = = = — B16 166 226 


en 


a The letters A and B before the run number indicate sample sizes of 4 em X 1.5 cm and 3.5 em < 1 em 
respectively. 


b 


The asterisk * denotes those samples which were sectioned and examined metallographically. 
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12 h elapsed before breakaway occurred as 
compared with 5 h for moist oxygen and 3 h 
for pure water vapour; moreover the rate of 
oxidation after breakaway was less (fig. 9). 
For oxidation in dry oxygen 750° C was the 
lowest temperature at which breakaway was 
detected. It was therefore considered of interest 
to find whether the relatively rapid rate of 
attack after breakaway at 700°C in water 
vapour could be arrested by changing the 
oxidising gas to dry oxygen; but as is seen 
(B33, fig. 8), though the rate of reaction did at 
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Fig. 7. Oxidation of beryllium at 600°, 650°, 700° 
and 750°C in moist oxygen at a total pressure of 
10 cm with 1.2 em partial pressure of water. 
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Fig. 8. Oxidation of beryllium at 700°C. In ru. 

B33 the oxidising gas was changed at A from water 

(1.2 em) to dry oxygen (10 cm) and in run B39 from 

dry oxygen (10 cm) to water vapour (1.2 cm) at B. 

The part of the curve of run B39 corresponding to 

oxidation in water vapour is shown in fig. 9. For 
run B39, add 90 h to the time axis. 
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Fig. 9. Oxidation of beryllium at 700°. Run B38, 

water vapour (1.2 cm); run B31, moist oxygen (10 cm 

total pressure, partial pressure of water 1.2 cm); 

run B39 (pre-oxidised in dry oxygen for 113 h) in 
water vapour (1.2 cm). 


first abruptly decrease, it subsequently in- 
creased again, and after 50 h was much greater 
than if dry oxygen had been used from the start 
of the run (8 uwg/cm? h compared with 0.2 ug/ 
cm2 h). 


3.3. METALLOGRAPHIC EXAMINATION OF 


OXIDISED SAMPLES 
(with J. K. Higgins f) 


A number of the oxidised samples (those 
denoted by an asterisk in table 1) were examined 
metallographically, each sample being sectioned 
(see fig. 10) and one half being mounted in 
Perspex. After grinding on emery paper, lubric- 
ated with paraffin, down to Grade 600, the 
metal cross-section was successively polished 
with grades of “Hyprez’ diamond dust of 
increasing fineness, the final polish being carried 


ee 


F (face) 
E (edge) 
Fig. 10. Cross-section of beryllium specimen. illu- 


strating the edge “‘E”’ and face “‘F”’ used to describe 
the micrographs in fig. 11. 


+ Metallurgy Division, AERE, Harwell. 
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out on No. 1 grade and paraffin. Finally the 
metal was given a light etch in 10 % oxalic 
acid solution and dried in air after rinsing with 
ethyl alcohol. 

Each of the sectioned samples was carefully 
examined under the microscope at a magnifi- 
cation of about 250, and no differences could 
be detected in the appearance of samples oxidised 
at a given temperature whether the gas was 
moist oxygen, water vapour, or dry oxygen 
followed by water vapour. From the typical 
micrographs shown in fig. 11 it is evident that 
in those samples which had undergone break- 
away, there is extensive attack down the grains 
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of the metal, so that instead of a distinct 
metal/oxide interface, there is an interpene- 
trating network of oxide and unattacked metal ; 
but in the sample which had been oxidised at 
600° C (A25) in moist oxygen for 300 h without 
breakaway (fig. lla), the metal surface is well 
defined and there is no indication of inter- 
granular attack. 

The thickness of the interpenetrating zone of 
metal and oxide was by no means constant in 
a particular sample, as shown by comparing 
figs. 1lb and lle which represent different 
regions of the sample (B27 at 750° C). In all the 
micrographs the edges and face of the sampel 


Cc 


d 


Fig. 11. Micrographs of oxidised beryllium specimens showing the intergranular penetration of oxide into 
the metal. (a) run A25; (b) run B27; (c) run B27; and (d) run B29. The weight gains and oxidising conditions 


are recorded in table 1. 


x 150. 
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before sectioning are indicated by the letters 
“KE” and ‘F”’ respectively (see fig. 10) and 
reference to fig. 11d will show that penetration 
occurs to a greater extent at the edge than the 
face—in other words parallel rather than 
perpendicular to the direction of rolling of the 
powdered material. Since with rolled specimens 
of beryllium, the basal planes of the crystals 
usually lie parallel to the surface, the more 
extensive penetration at the edge may reflect 
a greater rate of oxidation along the basal 
planes rather than perpendicular to them. 


4. Discussion 


4.1. GENERAL 


The oxidation graphs, whether in. water 
vapour or in moist oxygen, fall into two groups 
according as breakaway does or does not occur. 

At temperatures in the range 500°—600° C 
there is no breakaway (at any rate within the 
300 h duration of the experiments); and the 
graphs at any one temperature are broadly 
similar whether the oxidation was carried out 
in moist oxygen or in pure water vapour (cf. 
figs. 1 and 6) or in dry oxygen (Part I). Accurate 
comparison of graphs is hampered by the poor 
reproducibility, but the weight gains at 300 h 
in the three gases agree reasonably closely at a 
given temperature (table 1). 

At temperatures between 650° and 750° C 
there is a contrast between the results in moist 
oxygen and pure water vapour on the one hand, 
and in dry oxygen on the other; breakaway 
occurs in the two former media but is absent in 
dry oxygen except at 750° C, and even then it 
occurred only after 60 h. The curves for moist 
oxygen and for water vapour are broadly 
similar, as can be seen by reference to fig .2 
for 650° C. Such differences as do exist can be 
reasonably attributed to the poor reproduci- 
bility already referred to, and more particularly 
to the experimental procedure, inasmuch as 
oxidation proceeded initially in dry oxygen; 
the oxide film thus formed before exposure to 
water vapour commenced would retard break- 
away (cf. figs. 8 and 9). 
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Thus it seems that when beryllium is oxidised 
in moist oxygen at 650° C and above, it reacts 
only with the water vapour—a_ conclusion 
supported by the experiments at 700° C when 
on changing the gas from water vapour to dry 
oxygen, or vice versa, the rate of oxidation 
altered suddenly (fig. 8). 


4.2. MECHANISM OF FILM GROWTH 


The essential similarity between the curves 
for oxidation in dry oxygen (Part I) and in 
water vapour (no distinction will be made 
between oxidation in water vapour and in 
moist oxygen) at temperatures up to and in- 
cluding 600° C suggests that the rate controlling 
step is the same in the two gases. 

The curves for dry oxygen fall within what 
is generally termed the “thin film” region of 
oxidation 4) and according to the accepted 
model, the metal ions and their electrons diffuse 
across the oxide layer under the influence of an 
electrostatic field F resulting from the electro- 
static potential V across the film. This potential 
arises because the faster moving electrons ionize 
the oxygen which is adsorbed at the gas/oxide 
interface and the equilibrium 


e/metal+ Oz/ads = O2-/ads (1) 


is set up. In the original theory of Mott and 
Cabrera +), V was assumed to be independant 
of film thickness X, so that F=V/X; it was 
shown that the metal (n-type oxide) should then 
thicken according to a parabolic rate law (not 
to be confused with the earlier parabolic law of 
Wagner 5) which refers to much greater values 
of X). More recently, Cabrera *) has suggested 
that V is not constant but instead diminishes as 
X increases because the equilibrium (1) is never 
reached; the rate of oxidation should therefore 
decrease with increasing time in a complicated 
manner, and the curve of X against time should 
accordingly fall below that predicted by the 
original theory. The marked deviations from 
the parabolic rate law which occur when beryl- 
lium is oxidised in dry oxygen (Part I) are 
probably to be explained largely along these 
lines, rather than by compositional changes in 
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the oxide film which probably constitute at 
most a secondary factor, and no longer the 
primary factor as was envisaged in Part I. 

In water vapour the surface will be covered, 
though almost certainly incompletely, with 
chemisorbed water molecules; it is reasonable 
to suppose that this water is present as an 
OH-— ion located close to a lattice Be*++ ion 
and an H+ ion close to a lattice O- ~ ion (fig. 12a). 
For the metal to oxidise in water vapour, 
Be++ ions must diffuse across the oxide layer 
and this can only occur under the influence of 
an electrostatic field; such a field could be set 
up if a proportion of the H+ ions was to capture 
electrons from the metal and discharge (fig. 12b) 
as hydrogen gas. 


e/metal+ H+ads = 1/2He. (2) 
The exact mechanism by which the hydrogen 
atoms combine to form H»z molecules is un- 
certain, but it would seem likely that surface 
diffusion plays some part. 

Each outward diffusing Be++ ion on reaching 
the gas/oxide interface can in principle take up 
a position alongside one OH~ ion (as in B of 
fig. 12b) or more probably a position between 


- + - = fxrk 
OH H OH H OH: H 
Exe (@ EX2 <6) Be O Ben 

(a) 

= = ae = 

Oia A OH H B OH B 


Bese Be O Be O Be O 


(b) 


Fig. 12. Diagram illustrating (a) the chemisorption 

and dissociation of water on the oxide surface and 

(b) the loss of protons (as hydrogen gas) in order that 

an electrostatic field may be set up across the oxide 

layer. The positions A and B are referred to in the 
text (Section 4.3). 
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two OH- ions (as in A of fig. 12b). Since 
beryllium hydroxide is unstable’) in the bulk 
form at the temperature and pressures of the 
present work, presumably either the transition 
complex [HO..Be..OH] decomposes to evolve 
water, or alternatively a two-dimensional nu- 
cleus grows until it reaches a critical size when 
it decomposes into oxide and water. 


4.3. BREAKAWAY 


The generally accepted mechanism of break- 
away 8-9) is that a continuous oxide layer grows 
on the metal surface until the stresses in the 
oxide, whether compressional or tensional, cause 
it to crack; the attacking gas then penetrates 
these cracks so that the rate of oxidation is 
controlled by the rate of diffusion of reactant 
through a very thin layer (barrier film) adhering 
to the metal. The weight gain at which break- 
away occurs differs widely from metal to metal, 
being about 50 uwg/em? for niobium 910.11) and 
magnesium 8) and from 2 to 3 mg/cm? for 
zirconium and some of its alloys 12.18.14), 

The fact that beryllium undergoes breakaway 
during oxidation in moist oxygen or water 
vapour at a lower temperature than in dry 
oxygen is not in itself surprising, for the effect 
of water in promoting film breakdown on metals 
is well recognised 8-15.16). There are, however, 
several curious features associated with the 
breakaway oxidation of beryllium in water 
vapour: (a) the weight gain at which breakaway 
occurs markedly decreases with increasing 
temperature of oxidation so that at 750° C the 
value is only 5 wg/em? corresponding to a film 
thickness of about 350 A (allowing 100 A for 
the thickness of the “room temperature”’ film); 
(b) the attack after breakaway takes the form 
of penetration between the grains of the metal, 
whereas with other metals (tungsten 17), nio- 
bium °)) the metal/oxide interface, although 
irregular, remains reasonably well defined. It 
is not certain how far this uneven attack results 
from the mode of fabrication of the beryllium. 
The two features (a) and (b) will now be 
discussed in turn. 


THE HIGH TEMPERATURE OXIDATION OF BERYLLIUM 


(a) Mechanism of Breakaway 


As already discussed, the rates of oxidation 
in dry oxygen and in water vapour are not 
greatly different (at 600°C for times up to 
300 h and at 650° C and above, up to the time 
at which breakaway occurs) so that it would 
seem reasonable to suppose that the composi- 
tions of the films formed in these gases are 
similar. On the other hand, the film formed in 
dry oxygen at .750° C grows to a thickness of 
5000 A before breakaway occurs, whereas that 
in water vapour only reaches 350 A in thickness. 
This suggests that in water vapour some 
additional factor is operating to promote break- 
away; and it is tentatively suggested that (as is 
believed to occur with certain other metals 18), 
an inward flow of protons accompanies the 
outward diffusion of Be++ ions and their 
electrons f. The diffusion of protons might 
consist in jumps from one interstitial position 
to the next, or from one O-~ ion (which would 
thus be temporarily converted to an OH~ ion) 
to the next O-~- ion. Since the solubility of 
hydrogen in beryllium is probably extremely 
small (beryluum has been heated in hydrogen 
at temperatures up to 882°C without any 
reaction 2°)), the protons would not enter the 
metal when they reached the beryllium/oxide 
interface, but would be discharged as hydrogen 
gas. As Draley and Ruther 18) have commented, 
a small amount of hydrogen might be sufficient 
to rupture the oxide film. The pronounced 
decrease in the film thickness at which break- 
away occurs may be interpreted in terms of the 
relative temperature coefficients of the rates of 
diffusion of Bet++ ions and of protons. 

Although there is no direct evidence for the 
above model, it is easy to see why a pre-formed 
oxide film is able to retard breakaway: the 
diffusion path across the oxide layer will be 
greater, and the time which elapses before 
sufficient hydrogen is able to diffuse through 
the film and so disrupt the oxide layer will be 
larger. 

+ The inward diffusion of OH~ ions is considered 


to be unlikely because of the large size of the OH- ion 
(1.7 A as compared with 1.4 A for the O-- ion 1%). 
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(b) Postbreakaway Oxidation 


It is not clear why, after breakaway, oxidation 
takes place preferentially along the particle 
boundaries; it may be that the film first cracks 
along the lines where the particle boundaries 
emerge or alternatively these places may only 
be attacked when the film has undergone a 
general cracking. It is clear that once inter- 
granular oxidation begins, the process will be 
favoured by the fact that the oxide-to-metal 
volume ratio for beryllium is 1.7:1, so that the 
compressive stresses resulting from the conver- 
sion of metal to oxide will tend to force the 
grains apart. Furthermore, one infers that the 
oxide must be porous to gaseous water; this 
porosity was proved by an experiment in which 
the surface area of a sample oxidised in water 
vapour at 750° C for 2.3 h (B30) was measured 
by the method of krypton sorption 2!). The 
resultant value of 0.135 m? corresponds to a 
specific surface of 23 m2? per gram of oxide, so 
that the latter is penetrated by cracks of 
molecular dimensions which permit the ready 
passage of krypton and therefore of water 
molecules. 


(c) Discontinuous Oxidation 


It finally remains to discuss the discontinuous 
weight changes obtained in some of the runs. 
It would seem fairly clear that those obtained 
at 650° C and 700° C (figs. 2 and 5) represent 
what may be termed localised breakaway; 
indeed, the curve after breakaway can be 
regarded as resulting from individual break- 
away processes which take place over a large 
number of isolated areas, and blend to give a 
smooth oxidation curve. The discontinuity 
found in the run at 500°C in moist oxygen 
(fig. 6) was similar to those found in a number 
of runs during oxidation in dry oxygen at 
temperatures between 500° C and 600° C (Part I). 
This raises the interesting question of whether 
the discontinuities in dry oxygen are also 
associated with localised penetration of oxide 
into the metal; unfortunately no metallographic 
investigation of the specimens in Part I was 
undertaken and would in any case be difficult 
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because the associated weight changes were very 
small (equivalent to 1 ug/cm?). 


5. Conclusions 


When electrolytic flake beryllium is oxidised 
at temperatures from 500° to 750°C, the 
oxidation follows essentially the same course 
in water vapour as in moist oxygen (10 cm 
total pressure) for the same pressure of water 
vapour (1.2 em). At temperatures up to and 
including 600° C, the rate of oxidation conti- 
nuously decreases with time to reach a very 
small value (e.g. 0.06 wg/em? h) after about 
100 h so that the oxidation is protective; the 
weight gains in this temperature range are 
essentially the same as in dry oxygen for a 
given temperature and time of oxidation. 

At 650° C and above, the rate of oxidation 
first decreases and then increases with time, 
indicating breakaway and subsequent non- 
protective oxidation; the weight gain at which 
breakaway occurs decreases with increasing 
temperature of oxidation: at 750° C breakaway 
occurs when the film is only 350 A_ thick. 
Experiments at 700°C show that if an oxide 
layer is first pre-formed in dry oxygen, break- 
away is retarded but not prevented on subse- 
quent exposure to water vapour; conversely, 
non-protective oxidation produced by oxidation 
in water vapour cannot be arrested by con- 
tinuing the oxidation in dry oxygen. Metallo- 
graphic examination of a number of samples 
indicates that after breakaway, oxidation pro- 
ceeds preferentially at the particle boundaries 
giving rise to an interpenetrating zone of oxide 
and unattacked metal. 

The mechanism of the reaction of beryllium 
with water vapour is discussed and it is sug- 
gested that an inward diffusion of protons may 
accompany the outward diffusion of Be++ ions 
through the film and cause the film to crack. 
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A study of the oxidation of delta-phase, binary 
plutonium alloys containing small additions of 
aluminum, cerium, hafnium, zine and zirconium has 
been conducted. The oxidation rates at 75° C in moist 
air are all lower than the oxidation rate of unalloyed 
plutonium under the same conditions. The results do 
not appear to be in accord with the simple theory of 
the influence of solute additions on the oxidation rate 
as proposed by Wagner and Hauffe. A size rule was 
suggested for deciding a priori whether a solid-solution 
miscibility gap between oxide phases might occur. 
This rule was only partially successful in predicting 
which oxide phases would be observed to form 
separate layers. 

It is interesting that the zirconium and hafnium 
alloys were found to form ZrOzg and HfOz as separate 
phases in the oxide layer. These separate oxide phases 
are to be expected on the basis of the size-factor rule 
discussed above. There is no evidence, however, that 
AlzO3 or ZnO, in which smaller metal-oxygen 
distances occur, were present as separate phases in 
the oxidation products. For thermodynamic reasons, 
ZnO should not appear in the products. The special 
reasons that CezO3 and AlzO3 might not be detected 
have been discussed. 

The analyses of Wagner concerned with the forma- 
tion of single or duplex oxide films have been discussed 
and it is shown that the formation of HfOz and ZrOz 
as well as AlgO3 and Ce203 should occur. The apparent 
reduction in rates can be rationally interpreted on 
this basis. 


L’oxydation en phase delta d’alliages binaires de 
plutonium contenant de faibles additions d’aluminium, 
cérium, hafnium, zine et zirconium, a été étudiée. Les 
vitesses d’oxydation a 75°C dans lair humide ont 
été trouvées toutes plus faibles que celle du plutonium 
non allié, oxydé dans les mémes conditions. Les 
résultats ne semblent pas étre en accord avec la 
théorie simple de Wagner et Hauffe qui traite de 
Vinfluence des additions de soluté sur la vitesse 
d’oxydation. Une régle faisant intervenir la taille des 


ions a été suggérée pour prévoir a priord si une lacune 
de miscibilité entre les solutions solides des phases 
d’oxydes pouvait se produire. Le succés obtenu par 
cette régle dans la prévision des phases d’oxydes qui 
devaient étre observées a l’état de couches séparées, 
n’a été que partiel. 

Il est intéressant de noter que les alliages de zirco- 
nium. et de hafnium donnaient lieu a la formation de 
ZrOz et HfO2 respectivement a l’état de phases 
séparées dans la pellicule d’oxydation. En se basant 
sur la régle du facteur de taille, discutée plus haut, on 
devait bien s’attendre a lapparition des phases 
séparées de ces oxydes. Par contre AlzO3 ou ZnO, 
dans lesquels on trouve des distances métal-oxygéne 
plus faibles, n’ont pas été mis en évidence a l’état de 
phases séparées dans les produits d’oxydation. Pour 
des raisons d’ordre thermodynamique, ZnO ne 
devrait pas apparaitre dans les produits de réaction. 
Les raisons particuliéres pour lesquelles CezO3 et 
AlzOz3 ne peuvent étre décelés sont discutées. 

Les analyses de Wagner ayant trait & la formation 
d’oxydes simples ou doubles ont été discutées et il a 
été montré que la formation de HfOz et de ZrOz, de 
méme que celle de AlzO3 et de Ce203 devrait avoir 
lieu. La réduction constatée des vitesses peut étre 
interprétée de fagon rationelle sur cette base. 


Die Oxydation binadrer 6-Legierungen von Plutonium 
mit geringen Zusatzen an Aluminium, Cer, Hafnium, 
Zink und Zirkonium wurde untersucht. Bei 75° C 
ergaben sich in feuchter Luft durchweg kleinere 
Oxydationsgeschwindigkeiten als bei unlegiertem 
Plutonium. Die Ergebnisse scheinen nicht tiberein- 
zustimmen mit der einfachen Theorie von Wagner 
und Hauffe uber den Einfluss kleiner, geléster Bei- 
mengungen auf die Oxydationsgeschwindigkeit. Es 
wurde eine die Atomgrésse beriicksichtigende Regel 
vorgeschlagen, die vorherzusagen gestattet, ob eine 
Mischungsliicke im Oxydsystem auftritt. Diese Regel 
war fiir die Voraussage, ob ein bestimmtes Oxyd als 
separate Schicht zu beobachten ist, nur teilweise 
geeignet. 
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Von Interesse ist, dass bei Legierungen von Zirko- 
nium und Hafnium ZrOz und HfO:2 als getrennte 
Phase in der Oxydschicht erscheinen. Auf Grund 
der oben erwahnten Regel war dies zu erwarten. 
Dagegen waren keine Hinweise dafiir vorhanden, dass 
AlzO3 oder ZnO, bei denen kleinere Metall-Sauerstoff- 
Abstiinde vorliegen, als separate Phase im Oxydations- 
produkt auftreten. ZnO sollte aus thermodynamischen 
Griinden in den Reaktionsprodukten nicht vorkommen. 


1. Introduction 

The corrosion behavior of unalloyed pluto- 
nium was discussed several years ago !) and the 
corrosion resistance of three dilute alloys was 
briefly reported at the Second Geneva Con- 
ference 2). The results of high-temperature 
oxidation runs have been presented by Dempsey 
and Kay 3) as well as by Waber 1). 

It was noted that small additions of thorium 
were not very beneficial, whereas similar 
additions of aluminum afforded some protection 
against oxidation by moisture. Additional 
experiments with alloys containing small a- 
mounts of aluminum and zirconium were per- 
formed by Waber 2). Recently Sackman *) also 
compared the atmospheric corrosion resistance 
of 3.5 at % aluminum alloy with that of 
unalloyed plutonium in dry and in moist air. 
The present report deals with the results of 
further tests that were conducted in an effort 
to elucidate the mechanism of protection 
conferred by the alloying addition in delta- 
phase alloys. 


2. Influence of Alloying Elements 


Wagner, Hauffe and their colleagues 5) have 
shown that the rates of oxidation and corrosion 
processes can be significantly influenced by 
changing the concentration of either lattice 
imperfections or of mobile carriers of electronic 
current in the oxide film by means of solute 
additions to the film; either approach can limit 
the rate of attack. While many of the theoretical 
and practical ramifications of such an approach 
cannot conveniently be discussed here, the 
situation as it pertains to plutonium will be 
briefly reviewed. 

Plutonium dioxide, which has the fluorite 
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Die spezielle Ursache dafiir, dass CezO3 und Al2Os 
nicht gefunden werden, wurde besprochen. 

Die Analyse von Wagner, welche sich auf die 
Bildung von einfachen Oxyden oder Doppeloxyden 
bezieht, wurde diskutiert. Es wurde gezeigt, dass 
HfOz und ZrOz ebenso wie AlgO3 und Ce2O03 gebildet 
werden sollten. Die offensichtliche Abnahme der 
Reaktionsgeschwindigkeit kann auf dieser Basis in 
verniinftiger Weise erklart werden. 


(CaF) type structure, is the major product 
observed in various oxidation experiments. The 
other stable oxides, Pu20O3 and Pu,QO7, are 
characterized by anion vacancies, and their 
lattice arrangements are closely related to the 
fluorite lattice, as Holley et al.*) report. Attempts 
to prepare compositions of the type PuOeg+, 
have been unsuccessful ®). Thus it is likely that 
random anion vacancies will occur in oxides 
having the compositions PuOz_z, (where 2 is 
small) and that the interstitial anions will be 
only those arising from Anti-Frenkel defects. 
The best analysis of the contribution of these 
three types of imperfections, namely, anion 
vacancies, interstitial anions and Anti-Frenkel 
defects to diffusion processes in fluorite lattices 
is the work of Ure’) which dealt with doped 
Caks. 

The nature of the conduction mechanism in 
PuOz is not known but can be inferred by 
analogy to UOz and CeQOz. Willardson, Moody, 
and Goering 8) showed that UOz:; (where x is 
small) is a p-type semiconductor. The positive 
holes in the conduction band are in keeping with 
the enhanced valence of 5 or 6 which the 
uranium atom can acquire. In contrast, the 
plutonium atom apparently can only acquire a 
valence lower than or equal to 4 in its solid 
oxides. Thus one would anticipate that PuOs 
would have a more negative character as a 
semiconductor than urania would. 

In further contrast to uranium, the sesqui- 
oxides of plutonium and cerium are apparently 
more stable than the dioxides, as will be 
discussed below. Czanderna and Honig 9) have 
shown that during vacuum treatment CeOs will 
lose oxygen from its fluorite lattice and become 
an n-type semiconductor with decreased ohmic 
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resistance. Thus a change in PuOz from a 
p-type to an n-type semiconductor would be 
expected as the net oxygen content in the oxide 
decreased. At small defect concentrations, the 
electron hole conductivity would be very 
reduced or nil. When the x in PuOs_, becomes 
large enough, quasi-free electrons would be the 
majority carriers. 

In general, the dissolution in PuOg of cations 
having a valence lower than 4 will increase the 
concentration of anion vacancies, and as a 
consequence, the diffusion of anions through 
the oxide will be increased. In a narrow range 
of x values in the metal-to-oxygen ratio (near 
2—a), where the concentrations of both the 
quasi-free electrons and positive holes are very 
low, the electrical conductivity of the oxide may 
significantly reduce the oxidation rate, despite 
the adequate diffusion rate. This is one way in 
which a soluble alloying element 56, whose 
cations are also soluble in the oxide, may in- 
fluence the oxidation rate. 

As a first step toward establishing the 
suitability of this approach, one must determine 
that a potential alloying element will dissolve 
in both the metal and the oxide. Other treat- 
ments of the oxidation process may be applied 
in case these criteria are not fulfilled. 

The following alloying elements are known 
to be soluble in delta plutonium: aluminum, 
cerium, hafnium, zinc, and zirconium. They 
offer an interesting opportunity to apply 
Wagner’s concept of alloy oxidation, inasmuch 
as zinc has the valence 2 and aluminum 3, 
whereas cerium, hafnium and zirconium are 
quadrivalent and thus should exert little in- 
fluence on the vacancy concentration in PuOg 
and hence on the corrosion rate. 

Unfortunately, little information is available 
on the solubility of oxides mixed with plutonia. 
Mulford and Ellinger 10.11) have found that 
complete solid miscibility exists in the systems 
PuOz+UO2, PuOz+CeOz and PuO2+ThOsr. 
In the absence of further information, one may 
predict the solubility of oxides in plutonium 
dioxide by analogy to mixed oxide systems 
involving uranium dioxide and thorium dioxide. 
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Examination of the phase equilibria diagrams 
for various mixed oxide systems suggests that 
cations which differ greatly in size do not form 
oxide solutions having extensive solubility 
ranges. An effective working rule is discussed 
below. 

While the influence of alloying additions on 
the defect concentration is well understood, 
there are at least two other manners by which 
oxidation can be retarded. If the solute B is 
more noble than plutonium, with respect to 
oxidation, a depleted zone (rich in B) may 
develop beneath the oxide and thus reduce the 
rate of arrival of plutonium atoms at the oxide- 
metal interface. Alternatively, a thin layer of 
an oxide of B designated BO may form during 
the initial stages of oxidation and thus limit 
the oxidation of the plutonium alloy by reducing 
the diffusion of ions through it to the outer 
surface of the oxide layer. 

Some attention is given below to interpreting 
the corrosion results from these different view- 
points. The separation of oxide phases apparent- 
ly does have an important influence on the 
oxidation of plutonium alloys. 


3. Experimental Procedure 


Binary plutonium alloys were made with 
aluminum, cerium, hafnium, zinc, and zirco- 
nium by induction melting and casting into 
MgO slab molds. Chemical analyses for im- 
purities contained in these alloys are presented 
in table 1. The original 0.6 em (4 in.) thickness 
of each coupon was reduced by successively cold 
rolling (about 50 % reduction) and annealing at 
420°C for 4 h or more. Both sides of the 
resulting 20 mil sheet were then metallo- 
graphically polished through 600 grit paper 
without using a lubricant. Specimens approxi- 
mately one inch square were cut, weighed and 
placed in weighed and numbered beakers, which 
were than placed in desiccators containing a 
saturated solution of NaBr. This solution was 
selected because, over a range of temperatures, 
the activity of water in it yielded approximately 
50 % relative humidity in the air of the desicca- 
tors. The desiccators were kept in thermostatted 
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TABLE 1 


Chemical analyses of the delta-phase alloys used in the corrosion experiments 
ne EEEEEEEEEEEEEE 


Composition pec Spectroscopic analysis (ppm) 
Alloying (at %) fusion (ppm) ia rn 
oO = 
element | Nominal C O Na | Mg Al Si Fe Ni Cr La 

Al 6 135 5 <100| < 50; — | 200 100 | < 100| < 50 < 100 
6 140 5 < 100) < 50 —- 300 100 | < 100; < 50 < 100 

12 130 <100} <50 | — 200 100; < 100} < 50 < 100 

| 

Ce 6 85 460 100 ee -60 Sie 50 | < 100 200; < 100| < 50 < 100 
35 90 =< 100 p< 00 < 50 | < 100 200 | < 100} < 50 < 100 

12 50 50 < 100) < 50 oo) ee OOR 200 |_< 100') < 50 = 100 

Ss | | | 

ight 6 40 65 <a Mil) <5 30 | 3500 | < 100| < 100/ <50 | <10 
9 15 60 < 10 (5) 40 100) == 100} TOON, e502) a0 

12 20 85 < 10 Ea 35) 40 20 | =< 100 | < 1007) < 50 ee 10 

Zn. 6 130 70(250) ; | < 100| < 50 100 400 600 150 100 | < 100 
9 65 65(135) FT | < 100; < 50 150 400 600 150 | 100 < 100 

12 80 | 275(360) ; | < 100) < 50 150 200 400 150 | < 50 < 100 

| | 

Zr 4.3 15 50 Oa eS 20 | < 100 2003); <<) 400.) <= 50% | Sea0 
8.9 70 100 ‘NNN 10 75 | < 100 200 100 | < 50 < 10 


+ Duplicate values indicating segregation. 


ovens. After a suitably long exposure to moist 
air, the beakers and specimens were removed 
from each desiccator (after it had been permitted 
to cool to room temperature) and weighed on a 
Mettler Gramatic type microbalance. Then the 
beakers and specimens were returned to the 
desiccators for further exposure. 

Each oxidized specimen was wrapped with a 
thin Mylar film to prevent the spread of radio- 
active contamination, and the identity of the 
oxide was established by X-ray diffraction 
analysis with a Norelco Diffractometer. The 
bulk of the oxide was then removed by polishing. 
The polished specimens, which were covered 
with a thin, almost transparent oxide layer, 
were then re-examined to determine whether 
changes in the oxide or the underlying alloy 
had occurred. In addition, specimens were 
examined after electropolishing and after sub- 
sequent mechanical polishing. The latter samples 
were oxidized for only 24 hours in the desicca- 
tors containing 50 % relative humidity at 75° C 


and re-examined. The X-ray diffraction results 
on oxidized specimens, as well as on the 
unoxidized annealed alloy specimens, will be 
discussed below. 

Plutonium specimens, although covered with 
a loosely adherent oxide, were handled safely 
in the open laboratory (without spreading 
radioactive contamination) when wrapped in 
Mylar foil. This experience in handling pluto- 
nium in the open laboratory is similar to that 
reported by Cramer and Schonfeld 12), 


3.1. RESULTS OF EXPOSURE TESTS 


The principal results of this investigation, 
namely, the corrosion rates, are presented in 
figs. 1, 2, 3, 4 and 5. It will be seen that, with 
the exception of cerium, the alloying elements 
impart substantial protection to plutonium. The 
mechanism by which the corrosion rate is 
reduced contrary to the Wagner—Hauffe predic- 
tion is apparently complex and will be discussed 
below. 


1000 - T Tr eee 3 ‘i T | ied i a ok atl aaa | T ener T T T 7 (000, 2 1 ama), Ge Cal aba LE T 14} 4a PT T " TT tre T T T Ute 
t PLUTONIUM - ALUMINUM ALLOYS | [ i 
[ 75°C AT 50% REL. HUM. | [ | 
| : | |  PLUTONIUM-HAFNIUM ALLOYS | 
75 °C AT 50 % REL. HUM. 
1OOF u ; ee j 
E oe E E = 
[ be ] [ 1 
[ / [ j 
Yh 
- Ue = Fr - 
Vf 

a_ 10 we : «10: | 

E F ve 7 (3) E Rt 

~ f We 1 ~ E q 

o 7 4 o + 4 

€ L Wa 4 i= 7 4 

/ 

z | y ee 

2 fl 2 10 4 

= oh we a q 

oO Yi oO 5 

UZ 

= : / | kK 4 

Bm b 7 4 Sate a 

ro) | © [ | 

Ww i 

= ot | = 1; 4 
E | E 3 
[ i E d 
[ | ——— UNALLOYED Pu 
| | Coe = Gp ie 9% Hf : 

is { E —— 12% Hf 4 
E ———UNALLOYED Pus | f : 
Lg Sos ane 9% Al | [ | 
[ 12% Al | L 4 
0.001 jae oe ee eee ye ste: fey Sea earthy Pepe ea stants 0.00! Se eae ee erecta eerie arin ——« pois 
10° 10! 10° io” 10* 10° io! 10° 10° 10* 
ELAPSED TIME IN HOURS ELAPSED TIME IN HOURS 


Fig. 1. Comparison of the corrosion behaviors of Fig. 3. Comparison of the corrosion behaviors of 
plutonium-aluminum alloys and unalloyed plutonium plutonium-hafnium alloys and unalloyed plutonium 
exposed to air at 75°C and 50 % relative humidity exposed to air at 75° C and 50 % relative humidity. 
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Fig. 2. Comparison of the corrosion behaviors of Fig. 4. Comparison of the corrosion behaviors of 
plutonium-cerium alloys and unalloyed plutonium  plutonium-zine alloys and unalloyed plutonium 
exposed to air at 75°C and 50 % relative humidity. exposed to air at 75° C and 50 % relative humidity. 
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plutonium-zirconium alloys and unalloyed plutonium 
exposed to air at 75°C and 50 % relative humidity. 
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One reasonable way to compare the effect of 
different alloying elements on corrosion behavior 
is to compare the merit ratios of the alloys at 
equivalent times. This quantity is defined as the 
weight gain of unalloyed plutonium divided 
by the weight gain of the alloy at a given time. 
If the time dependence is not the same for an 
alloy as it is for the unalloyed metal (and 
Waber 2) notes that this frequently occurs) the 
merit ratio will, of course, change with time. The 
data of the present investigation for 500 and 
1000 h exposures are thus conveniently sum- 
marized in table 2. Weight gains for the un- 
alloyed plutonium specimens exposed in the 
same desiccator with the alloyed specimens are 
also presented in table 2. It will be seen that 
there are fairly large variations among the 
alpha-plutonium specimens. Unfortunately, no 
explanation is available for this variability 
among specimens presumed to have been 
identically exposed. 


3.2. X-RAY DIFFRACTION RESULTS 


An effort was made to establish by X-ray 
diffraction whether the metal near the inner 


TABLE 2 


Merit ratios for delta-phase plutonium alloys exposed to air containing 50 % relative humidity at 75°C 


Alloy comp. Merit ratio observed mg/cm? gained, alpha Pu 
(at %) at 500 h at 1000 h at 500 h | at 1000 h 
Aluminum 9 428 666 42.0 100.0 
Aluminum 12 388 588 42.0 100.0 
Cerium. 9 2.69 2.19 33.0 46.0 
Cerium 12 5.55 2.70 45.9 50.1 
Hafnium 9 24.3 44.4 40.0 100.0 
Hafnium 1 23.65) 33.017) 43.4, 64.5 40.0 100.0 
Zine 6 34.0, 44.1 + 1D ~ 34.0 100.0 
Zine 9 19375) 26806; 80 ~ 34.0 100.0 
Zinc 1193 Se 86.8, 62.5t ~ 34.0 100.0 
Zirconium 4.3 122 0.61 13.5 24.5 
Zirconium. 6.0 Bit — = ee 
Zirconium 8.9 ibefeih 7.42 20.0 24.5 


OO OC Oe —— ———— 


t Duplicate values of the merit ratio are listed where differences between duplicate values appeared to 


be significant. 
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interface became enriched or depleted in the 
added element or whether a separation of the 
oxide phases occurred. The dilute delta phase 
alloys are, in general, metastable and show a 
decided tendency to transform under pressure 
as Elliott and Gschneidner 18) have shown. The 
possibility that the surface of these alloys could 
contain the monoclinic alpha plutonium phase 
as a result of mechanical polishing, was also 
investigated. This was important since the 
occurrence of this phase at the end of the cor- 
rosion could equally be interpreted as evidence 
that an insufficient amount of the alloying 
element was present to retain the delta phase, 
i.e., that depletion had occurred, or as evidence 
that mechanically induced transformation had 
occurred. 

The results of the X-ray diffraction examina- 
tion of the unoxidized alloys are presented in 
table 3. The observed lattice parameter of the 
delta phase is also given although, in general, 
this quantity is not a sufficiently smooth 
function of the alloy composition to permit a 
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determination of whether enrichment occurred 
or not. 

The zine alloys provide the only clear-cut 
case of transformation induced by mechanical 
polishing. The maximum solubility of zinc in 
the delta phase at high temperatures is 4.2 at % 
as determined by Cramer, Ellinger 
Land 4). Thus it is not surprising that neither 
the lattice parameter of the delta phase nor 
the corrosion resistance changed significantly 
on increasing the zinc content of the alloy. 
Evidently the alloys with higher zinc con- 
centration contained a sufficient amount of the 
compound PuZnzg to be detected by X-ray 
diffraction methods. 

Transformation occurs to a lesser extent in 
the cerium specimens than in the zine alloys. 
That is, the relative amount of the alpha phase 
increased on polishing. If the removal of metal 
by electropolishing had been more extensive, 
all of the alpha formed during the initial surface 
preparation might have been removed. Perhaps 
then the case for transformation of the cerium 


and 


TABLE 3 


Summary of X-ray diffraction results on the unoxidized specimens 


Phases observed 7 


Alloying Nominal comp. | Lattice parameter 

element (at %) (A) 
Aluminum 6 4.612 
Aluminum 9 4.577 
Aluminum i193 4.545 
Cerium | 6 4.656 
Cerium 9 4.690 
Cerium 12 4.670 
Hafnium 6 4.661 
Hafnium ) 4.643 
Hafnium ip 4.653 
Zine 6 4.621 
Zine 9 4.624 
Zine 12 4.617 
Zirconium 4.3 4.665 
Zirconium 6.0 4.665 
Zirconium eo —— 
Zirconium 8.9 4.6145 


Electropolished Following abrasion 
delta delta + trace PuOs 
delta delta + trace PuOg 
delta delta + trace PuOs 
delta + alpha + PuO2 delta + alpha + PuOs 
delta + alpha + PuOzg delta + alpha + PuOsz 
delta + alpha + PuOzg delta + alpha + PuOs2 
delta + trace HfOz2 HfO2 + delta + PuOs 
delta + trace HfOz2 HfO2 + delta + PuOse 
delta + trace HfOe2 HfOz2 + delta + PuOsg 
delta delta + alpha + PuOs2 
delta delta + alpha + PuOsg 
delta + PuZne delta + alpha + PuOsz 
delta delta + ZrOz + PuOs 
delta + PuzZr(?) delta + ZrOz + PuOs 
delta delta + ZrOz + PuOs 
delta + PuzZr(?) delta + ZrOz + PuOs 


+ Arranged in the order of decreasing line intensity. 
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TABLE 4 


Oxidation products of alloy plutonium specimens exposed to air containing 50 percent relative humidity at 75° C 


Alloying | Nominal Oxidized Oxidized Partial oxide removal 
element comp. (24 h) (1000 h) after polishing 

Aluminum 6 delta + trace PuOz — — 

Aluminum 9 delta + trace PuOz delta + weak PuOeg delta + weak PuOse 

Aluminum 12 delta + trace PuOsg delta + weak PuO2g delta + weak PuOs 

Cerium 6 — — = 

Cerium 9 PuOs —— — 

Cerium 12 PuOsz — — 

Hafnium 6 PuO2 — -= 

Hafnium 9 PuOz + trace HfOz PuOsz PuOe + oriented HfOz + trace alpha 

Hafnium 12 PuOz + trace HfO2 PuOz PuOz + oriented HfOz + trace alpha 

Zine 6 PuOzg + delta + alpha | PuOz delta + alpha + PuOs 

Zine 9 PuOz + delta + alpha | PuOs PuOz + delta + alpha 

Zine 12 PuOsz + alpha-+ delta — —— 

Zirconium 4.3 PuOsz — — 

Zirconium. 6.0 PuOzg monoclinic ZrOzg + PuOe — 

Zirconium 7.5 PuOsz — — 

Zirconium 8.9 PuO:, + ZrO2g a — 


Phases arranged in the order of decreasing line intensity. 


alloys, induced by abrasion, would also have 
been clear-cut. 

These data provide some evidence that 
abrasion of the zirconium and hafnium alloys 
promoted the formation of ZrOz and HfOs. 
Apparently no such effect occurred with either 
the stable aluminum or with the zinc and cerium 
alloys. It is possible that the surface was heated 
sufficiently to cause surface oxidation. 

The results of the X-ray diffraction examina- 
tion of the oxidized specimens are presented in 
Table 4. The aluminum alloys were also the 
most resistant ones on the basis of these results 
as the diffraction lines of the base alloy were the 
major contribution to the patterns obtained 
with the specimens oxidized 1000 hours. 
In contrast, the cerium alloys were so thickly 
covered with loose, powdery oxide after a 
thousand hours that they were considered to be 
unsafe for handling in the open laboratory. 
Consequently no X-ray data were obtained for 
these samples in the oxidized or partially 
polished condition. 

The zirconium and hafnium additions con- 


ferred a little protection to the plutonium. 
Unfortunately the oxidation products on the 
zirconium specimens were not removed by 
abrasion following the 1000 hour exposure. 
Therefore, it is difficult to decide whether the 
monoclinic ZrOz would have been a major 
component in the oxide film adjacent to the 
alloy. Its presence in the few specimens exa- 
mined suggests that the separate formation of 
ZrOz plays some role in the over-all oxidation 
process. 

It is interesting that the cubic or fluorite 
form of HfOz, rather than the low temperature 
monoclinic form, was observed in the products. 
The intensity of the (200) line of HfOe was 
strikingly larger than that of the adjacent (111) 
and (220) lines. This suggests a large degree of 
preferred orientation in that oxide, but at the 
present time there is insufficient information to 
establish the orientation relations. 

In connection with the last column of table 4, 
the amount of PuOeg present is strongly in- 
fluenced by how thoroughly the oxide was 
removed by abrasion. Thus a detailed comparis- 
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on of the relative amounts of alloy and remain- 
ing oxide is not justified. The two zine alloys 
provide an example of this statement; in one 
case, PuOz is the major contributor to the 
pattern whereas in the other PuOeg is minor, 
although both alloy compositions have compar- 
able resistances to corrosion. 

On the basis of these data it is difficult to 
decide in which cases the separate oxide of the 
alloying element occurs at the outer or the 
inner interface. The significance of this decision 
will be discussed below. 


TABLE 5 
Merit ratios for a plutonium alloy containing 3.5 at % 
aluminum, under various exposure conditions (after 
Sackman *)) 
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TABLE 6 


Merit ratios for several plutonium alloys exposed to 
air containing 50 percent relative humidity at 75° C 
(after Waber 2)) 


All Merit ratio observed at 

Oy comp. 
(at %) 900 h | 4300 h | 8730 h | 10000h 
3.5 Al — — —- 17.4 
8.0 Al 19 42.5 51 — 
3.5 Th — — so 3.1 
Wad) Le 22 152 226 — 
10.0 Zr 22 133 197 — 


Merit ratio observed at 

Temp. | Rel. 

(°C) |humid.| 12 | 24 | 50| 250 | 500 | 1000 

h h h h h h 

90 95 130 

90 55 50} 100 | 120 

30 95 — — | — 13 13 8 

100 0 — we 20 12 6 
3.3. COMPARISON WITH PREVIOUS RESULTS 


The data of Sackman 4) cannot be compared 
directly either with the data previously ob- 
tained 1:2) or with those of the present investiga- 
tion, because his specimens were exposed at 
generally higher relative humidities and at 
different temperatures. However, the results of 
his investigation of a 3.5 at % aluminum alloy 
are summarized in terms of merit ratios in 
table 5. Earlier data of Waber 2) relative to the 
corrosion resistance of alloys containing alumi- 
num and zirconium, and exposed to air con- 
taining 50 % relative humidity at 75°C, are 
presented in table 6. While the present merit 
ratios for the aluminum alloys do not differ 
greatly from those previously obtained, the 
results for the 4 and 6 at % zirconium alloys 
are substantially lower than those observed 
earlier for alloys containing 7.5 and 10 at % 
zirconium. Inasmuch as the weight gains for 
the alpha-plutonium specimens exposed with 


the zirconium alloys are rather low, the merit 
ratios in table 3 for the zirconium alloys are 
very likely too low. 

Sackman 4) noted that his unalloyed pluto- 
nium specimens suffered an internal attack, 
similar to intergranular attack, and disintegrated 
within a relatively short time. An acceleration 
of the attack was observed. When corrosion 
occurs at an increasing rate, the slope on a 
log-log graph exceeds unity. Thus a progressive 
increase in merit ratio for the alloys would be 
expected. However the data in table 5 for the 
lower temperatures suggest that decreases in 
merit ratio occur. In the continuation of these 
tests 15) the merit ratio did increase with time. 
For example, the value for 30°C and 95 % 
relative humidity became 23 at 2000 h. The 
merit ratio is, of course, sensitive to the behavior 
of the unalloyed material and in Sackman’s 
case the temporary decrease in merit ratio was 
caused by the atypically low corrosion of the 
alpha specimen in the period 500 to 830 h. 

Sackman !) has pointed out that the rapid 
deterioration of alpha was observed using speci- 
mens stored for several months prior to testing. 
However, with fresh cast specimens, which were 
much more resistant to corrosion, penetration 
and deterioration set in much later. The new 
merit ratios were substantially smaller than 
those in table 5; none of the values exceeded 
5.5. Temporary decreases were also noted. These 
values could be misleading unless his graphs 
are considered in detail. 

No cause of such grain boundary attack has 
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TABLE 7 


Comparison of observed corrosion weight gains for alpha plutonium with calculated weight gains for two 
compositions of the products 


em 


Initial wt. Exposure Final Wt. PuOsz Doveont yu 
metal Time weight cale. > formula + 
(g) (h) (g) (g) 
1.548 748 3,360 1.779 133 1.756 114 1.310 0.188 
1.716 152 2,832 1.969 484 1.945 929 1.210 0.173 
1.063 517 2,832 1.220 691 1.205 912 1.226 0.175 
2.213 135 2,712 2.541 928 2.509 454 1.294 0.186 
2.022 589 2,352 2.309 693 2.293 955 0.710 0.101 


+ Value of « in the composition PuOzg:«H20. 


been offered. However, it seems possible that 
small amounts of PuH, may have formed or 
been precipitated at grain boundaries and that 
these acted as the foci for attack by moisture. 
This suggestion does not account for the source 
of the hydrogen. Unalloyed uranium has been 
observed by Waber 16) to develop needles of 
UHs buried below the oxide films after exposure 
for several months to moist helium. Plutonium 
may conceivably act similarly and form hydrides 
during atmospheric corrosion. 

Sackman 4) observed that the weight increase 
for alpha-plutonium specimens oxidized to 
completion corresponded to the formula PuOse.1, 
or to PuOz:-0.1 HzO. He concluded that, inas- 
much as a higher oxide of plutonium is not 
known, this excess increase in weight over that 
allowed by the stoichiometric composition of 
plutonium dioxide must be attributed to 
strongly adsorbed moisture. No information was 
presented by Sackman relative to whether an 
excess in weight gain occurs with the aluminum 
alloy. He apparently did not consider the 
possibility of a hydroxide. 

The likelihood of hydroxides appearing in the 
corrosion products of uranium and plutonium 
has been discussed by Waber 2). To establish 
this hypothesis, several of the specimens used 
in the present investigation were withdrawn 
from test and were transferred in their beakers 
to a different desiccator where they were 
oxidized to completion under the same con- 
ditions that obtained during the test, namely, 


in air containing 50 percent relative humidity 
at 75°C. The resulting data are summarized 
in table 7. 

In table 7, the initial weights of five speci- 
mens of alpha plutonium are given, together 
with their final weights achieved after more 
than 2000 h of exposure. One sees that the 
observed final weight exceeds the computed 
weight, which was calculated on the assumption 
that all of the original specimen had been 
converted to plutonium dioxide. The average 
weight excess amounts to 1.15 %. If one makes 
the assumption, as Sackman did, that the 
composition of the corrosion products could be 
represented by the formula PuO2-xH20, values 
for x can be computed from the excess in weight 
gain over that expected for forming stoichio- 
metric PuOg. Values for this quantity are listed 
in table 7 and the mean value is 0.165. This 
value for x is larger than the value 0.10 reported 
by Sackman 4). 

It is further interesting that Sackman 4) 
observed that the delta-stabilized alloy, when 
kept at 30° C and 95 percent relative humidity, 
appeared to stop oxidizing after approximately 
900 h, and that essentially no further increase 
in weight was observed during the next 600 h, 
at the end of which the corrosion test was 
terminated. Arrests of this nature observed in 
the course of experimental observations will be 
discussed in a forthcoming publication. It is 
regrettable that no explanation is known for 
this very interesting phenomenon. 
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3.4, 


The influence of the valence of the solute 
atom is not clearly indicated in the results 
presented above. If the Wagner—Hauffe argu- 
ment were applicable, one would anticipate that 
aluminum additions would substantially in- 
crease the number of anion vacancies, and 
consequently the rate of diffusion of oxygen 
through the film would be expected to increase. 
One finds, however, that the aluminum alloys 
are the best of the five types of alloys considered 
in the present work. Further in accordance with 
this discrepancy, the results on zine alloys are 
even more striking, because in plutonia that 
contains any significant amount of zinc, presum- 
ably one oxygen should be missing for each 
zinc atom. There is no X-ray evidence that 
aluminum oxide forms as a separate phase and 
so one is led to attribute the retarding effect of 
aluminum to a reduced electronic conductivity. 
However, an amorphous Al,O3 is not excluded 
by the present experiments. ZnO will be 
discussed below. 

Further, with the three quadrivalent elements, 
cerium, hafnium and zirconium, there should 
be little if any influence on the vacancy con- 
centrations in the PuOz. One sees that the 
cerium additions do slightly reduce the oxida- 
tion. But while these results may be in keeping 
with expectation, one finds that hafnium and 
zirconium definitely reduce the corrosion rate. 
As indicated in table 3, the latter elements form 
separate dioxide phases. Thus the reduced rate 
is largely due to the initial presence (or the 
formation) of such films which then reduce the 
amount of PuO2 that forms. 

Thus, it is apparent that the simple concept 
of the alloys adding vacancies to the oxide 
film as suggested by Wagner and Hauffe cannot 
be applied to the oxidation of the delta-phase 
plutonium alloys. A more detailed examination 
of how these solute elements influence the 
oxidation rate must be made before the oxida- 
tion process can be fully understood. A know- 
ledge of the influence of such solutes on the 
characteristics of PuOs as asemiconductor would 
also be helpful. 


DISCUSSION OF RESULTS 
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As noted above, a brief analysis of the data 
available on the behavior of mixed oxide 
systems suggests that a large disparity in cell 
size would limit solid solubility. Because of the 
relative complexity of the Al2O3 lattice, it is 
more convenient to use the cation radius or the 
metal-oxygen distance rather than the lattice 
parameter when discussing the influence of a 
size factor in oxide systems. It is interesting 
that, in a recent paper, Voronov et al.1”) 
regarded the separation of oxide phases in the 
systems UOz+ZrOz and ThO2+ZrOz to be a 
consequence of the disparity in the cation sizes. 

With regard to specific phase diagrams, Hund 
and his collaborators have studied solid solu- 
tions of rare earth oxides with thoria 18-19) 
and urania 21-24), Lambertson and Mueller 26-27) 
have studied the equilibrium between four 
oxides and UOz. A number of these systems 
have been reinvestigated by Budnikov et al. 29). 
In addition, reference should be made in passing 
to the work of Anderson and Johnson 2°) on the 
magnesia-urania system. Waber 1¢31) has de- 
scribed other studies involving urania with 
thoria and various oxides. No attempt has, 
however, been made in the present paper to 
discuss mixed oxide systems that do not involve 
one of the fluorite type oxides of the three 
actinide elements, uranium, thorium or pluto- 
nium. 

Values of the ratios of the cation radii of 
various elements to the radii of three of the 
actinide ions are presented in table 8. From a 
consideration of the above information on phase 
equilibria, one may propose as a reasonable 
working rule, that the oxides of elements whose 
cation radii have a disparity greater that 
+14 percent will probably not form solid 
solutions having extensive ranges of concentra- 
tion. The size factor value of 14 percent is the 
same as the criterion that Hume—Rothery used 
in determining the probable extent of solid 
solubility in metallic alloys. 

The ratios between the metal-oxygen distance 
have also been examined, and as they lead to a 
similar rule there is no sufficient reason for 
selecting one form of this size factor rule over 
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TABLE 8 


Ratios of cation Radii involved in mixed oxides 


Cati Cation | Plutonium | Uranium | Thorium 
considered | ius) Raw) | ROM | _ ROM) 
(A) | Rut) | RU) | R(Th*4) 

Alt 0.45 0.500 0.484 0.454 
Cet3 1.02 1.132 1.096 1.030 
Cet4 0.92 1.022 0.989 0.929 
Hf+4 0.77 0.885 0.828 0.778 
Znt2 0.74 0.822 0.796 0.747 
Zrt4 0.77 0.855 0.828 0.778 
Tht4 0.99 1.10 1.064 1.000 
Ut 0.93 1.03 1.000 0.939 
Put4 0.90 1.000 0.968 0.909 


R(M) represents the radius of the cation considered. 


another on the basis of the present information. 

On the basis of this size factor, the oxides of 
aluminum and zine are not likely to form 
continuous solid solutions with PuOs. Since 
they are borderline cases, it is difficult to decide 
whether ZrOz and HfO2 would be more than 
slightly soluble in plutonia. Extrapolation from 
the behavior of urania and thoria with ZrOe 
suggests that both HfOz and ZrOz would be 
relatively insoluble in PuOg. In the case of 
cerium, CeOz should be soluble in PuOg but 
the trivalent ion has a borderline ratio and 
some separation of Ceg03 might be expected. 
It is reasonable to assume that the body- 
centered-cubic C-type sesquioxide (Mn2QO3 type) 
would form. This lattice is closely related to the 
fluorite lattice and only a few weak lines (due 
to ordering of the anion vacancies) necessitate 
doubling the edge of the FCC pseudo-cell to 
form the BCC cell. The lattice parameter of the 
pseudo-FCC cell is closer to that of CeOz than 
the cation sizes would suggest. Thus probably 
the separation of Cez03 and PuOs could not be 
detected by X-ray diffraction even ifit did occur. 

The data on corrosion films are compatible 
with these deductions. ZrOz and HfOz do occur 
as separate phases. While AlzO3 and ZnO have 
not been observed there are other considerations. 
It is probable that so little oxide is formed on 
the aluminum specimens and the aluminum 
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ion scatters so poorly in comparison with the 
plutonium atom and ion that it may be im- 
possible to demonstrate the presence of corun- 
dum except by electron diffraction. Further- 
more, an amorphous form of AlgO3 is usually 
observed during the oxidation of aluminum 
oxides at low temperatures 32) and this form 
may be present in the case at hand. The 
formation of ZnO would not be anticipated on 
the basis of a thermodynamic argument which 
will be presented below. 

Wagner 33,34) has also dealt with more 
complex cases which occur in the oxidation of 
alloys and apparently these theoretical discus- 
sions apply to plutonium alloys. He has shown 
that under specific experimental conditions and 
in certain composition ranges either one or both 
oxides will form. The three distinct composition 
ranges have been deduced from a mathematical 
analysis 83) which involves firstly, the interrela- 
tions of the self-diffusion coefficient D4 of the 
solvent ion A (in this case, plutonium) as well 
as a similar quantity Dg for the solute ion, 
in their oxides to the interdiffusion coefficient 
Dap in the alloy; secondly, the relative stability 
of the two oxides and thirdly, the relative 
oxidation rates of the two pure metals. It is 
generally observed that when a dilute A-base 
alloy containing xg of the less noble addition B 
is oxidized, the outer portion of the film is 
largely AO, and BO is buried beneath it. Thus 
the volume fraction of BO is larger near the 
oxide-alloy interface. This structure of a com- 
posite scale is in accordance with Wagner’s 
analysis. At larger concentrations of B in the 
alloy, the formation of AO may be stifled by 
the preponderance of BO near the interface 
since it is assumed that the solubility and the 
net transfer of A-ions through BO is low. At a 
somewhat higher critical concentration of B 
in the alloy, BO may be formed exclusively. In 
very dilute alloys, of course, only AO will be 
observed and the limiting concentration of B, 
namely, x; at which only the oxide of the 
more noble metal A will occur, is generally 
quite low. This limit is proportional to the 
ratio (D4p/Da) and to the critical concentra- 
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tion xg’ which is defined as the concentration 
at which both AO and BO are in thermodynamic 
equilibrium with the alloy for the particular acti- 
vity of the oxygen in the film near the interface. 

At the present time, no information is 
available on the interdiffusion coefficient Dag 
for plutonium alloys. Thus, although Dg is 
calculable for the five alloying elements con- 
sidered in this investigation and D4 for pluto- 
nium can be obtained from the high temperature 
oxidation rates reported by Waber and Wright?) 
and by Dempsey and Kay 3), the foregoing 
analysis can not be applied and tested quanti- 
tatively. 

The phrase “less noble” has been used to 
denote both a faster oxidation rate and a more 
stable oxide. However, if BO is less stable than 
AO, either BO may not form or it may be reduced 
near the interface according to the displacement 
reaction 


A+ BO - AO+ B. (1) 


Even in this case, a small amount of the alloy- 
ing element B may reduce the overall oxidation 
rate. In the event that the ratio (D4/D,z) is low, 
an enriched zone of B will form in the alloy 
near the interface and limit the rate of arrival 
of A. This case has also been discussed by 
Wagner *4). If the interfacial concentration of B 
becomes large in comparison to 2,’, some BO 
may occur. However, when the interdiffusion 
coefficient is large, back diffusion of B will 
permit the alloy to oxidize at a rate similar to 
that observed for the pure base metal A. 

Although a quantitative check of the suit- 
ability of Wagner’s analyses must await the 
determination of the interdiffusion coefficient in 
delta phase alloys, one qualitative feature of 
his analyses can be discussed. As he pointed 
out, a stable duplex structure of the oxide film 
depends on the relative stability of the two 
oxides in contact with the alloy. 

The standard free energies of formation of 
several oxides are presented in table 9. Most of 
these data have been published by Coughlin 38). 
The value reported for PuOz by Holley et al.6) 
has been substituted for Coughlin’s. 
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TABLE 9 


Standard free energies of formation per oxygen atom 


Oxide 298.1° K 600° K Error 
Al2O3 (corundum) —125.8 —118.2 0.3 
Ce203 —137.2 —129.2 8.3 
CeO2 —115.0 —107.2 6.2 
HfO2 (monoclinic) —125.9 —118.8 0.2 
PuzOs —128 —120 8 
PuOs —120.2 —113.8 BS 
ZnO —76.1 —69.0 0.2 
ZrOz (x, ) —123.9 —117.0 0.12 


The value for PuzO3 was estimated by Mulford °°). 


It will be seen that the sesquioxides of 
plutonium and cerium are more stable than 
their dioxides. Thus the latter should lose 
oxygen when heated in vacuum as has been 
noted by Czanderna and Honig 9) for ceria and 
by Mulford 3?) for plutonia. It will be seen that 
AlgO3, HfOz and ZrOz2 are probably more stable 
than PuOe, whereas ZnO is significantly less 
stable. However, the differences between the 
AF values for each of the solute elements and 
that for PuOeg are only a few kilocalories per 
mole. In view of the accuracy of this data as 
indicated by the tabulated values of the 
probable error, it is difficult to decide whether 
the displacement reaction will be spontaneous. 
It should be noted that standard free energies 
in table 9 are based on a unit activity of the 
solutes in the delta phase and it is not probable 
that the activity coefficient are large enough for 
the activities of Al, Hf and Zr to approach 
unity in alloys containing 12 at % or less. 
Assuming Henry’s Law and unit values of the 
activity coefficients, the correction to AF for 
a 10 at % alloy would reduce the net AF values 
for reaction (1) by approximately 1.7 kcal at 
75° C. Smaller values for the activity coefficient 
would further reduce the free energy change. 
As far as the authors are aware, the only 
information for plutonium alloys from which 
activity coefficients might be obtained is the 
excess relative heats of mixing published 
recently by Waber and Gschneider 3) and these 
values pertain only to epsilon alloys. The 
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accuracy of the data for pure plutonium in 
table 9 would appear to be too poor to justify 
any further analysis or firm statement. 

The greater stability of PugO3 would appar- 
ently cause all of these oxides with the possible 
exception of CegO3 to be reducible by plutonium 
according to the reaction 


Pu+y BO — PuOy+y B (2) 


where y is assumed to be equal to 3. The pos- 
sibility of y being “ as in the compound Pu4O7 
reported by Holley et al.®) will not be discussed 
in detail because of the poor knowledge of its 
free energy of formation. The large number of 
anion vacancies created at the alloy-oxide 
interface when y becomes less than two, by 
virtue of reaction (2) occurring, is compatible 
with the mechanisms of anion diffusion and 
electron hole migration assumed above. 

Assuming that plutonium can be regarded as 
the more noble metal A in the case of the 
aluminum, hafnium and zirconium alloys, 1.e. 
that it has a more positive value in table 9, 
then the formation of PuOg (or possibly PuOs 
mixed with either AlgO3, HfOz or ZrOz) would 
be anticipated depending on whether or not 
the alloy content exceeds the limiting con- 
centration #g* established for exclusive forma- 
tion of AO. Such duplex oxide films are observed 
with both the hafnium and zirconium alloys. 
In the case of the aluminum alloys, it is possible 
that g=12 % Al is less than xg*. However, it 
would appear more probable that it exceeds 
xp* and that AlzO3 would be present as a 
separate phase. 

On the other hand, because of the stability 
of CezOs, plutonium must be regarded as the 
more noble constituent in the cerium alloys. 
As discussed in connection with the size factor 
criterion, it is difficult to decide whether cerium 
sesquioxide will be detectable in the oxide film. 
Thermodynamically, it will be more stable than 
PuOz and thus any CeO: will yield its oxygen 
to the plutonium (which should have an 
activity approximately equal to unity by 
Raoult’s law). Some separation of Ce,03 may 
further be anticipated since the cation radius 
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ratio for CesO3 has a ‘‘borderline value’. One 
may interpret the fact that the rates for cerium 
alloys are higher than those for the aluminum, 
zinc, hafnium or zirconium alloys, in the absence 
of any X-ray diffraction results to the contrary, 
as due to the formation of cerium sesquioxide 
or of a (cerium +plutonium) oxide film which 
contains many anion vacancies in the basic 
fluorite lattice. 

The monoclinic x-Pu phase was observed for 
hafnium alloys as noted in the last column of 
table 4. This could be interpreted as evidence 
that the delta phase was being depleted of such 
an amount of its alloy content that it could 
not be retained at 75° C. The data in table 3 
indicate that partial transformation of the delta 
phase did not result from mechanical abrasion 
of the hafnium alloys. Thus these X-ray 
diffraction results on hafnium alloys are con- 
sistent with Wagner’s mechanism which involves 
local depletion of the less noble alloy element Bb, 
the formation of BO as a separate phase and 
consequently the reduction of the rate of 
forming the oxide of the more noble solvent 
metal as well as partial transformation of the 
metastable delta-plutonium phase. However, it 
is difficult to decide in the case of the zinc and 
other alloys, on the basis of the X-ray diffrac- 
tion results obtained with the oxidized and 
partially polished samples, whether the alpha 
resulted from depletion near the interface or 
from the process of oxide removal. 

It is interesting that in these runs at 75° C, 
the higher temperature or cubic form of HfOz 
was formed whereas the ZrOz was present in its 
monoclinic form. One might infer from this 
observation that plutonia has some ability to 
stabilize the cubic lattice of HfOs to room 
temperature. It might be interesting to in- 
vestigate this inference. 

It is the separate formation of HfOs, ZrOs 
and possibly of AlgO3, which limits the oxidation 
rate. In the case of the zinc alloys, the slight 
reduction in rate may be attributed to the 
development of a zone, enriched in zine, 
through which the plutonium must diffuse. 

A further consideration, which should not be 
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overlooked, is that it is impossible to determine 
the oxidation rate of unalloyed delta-phase 
plutonium at or near atmospheric temperatures 
because the delta phases cannot be retained 
without alloying additions. Assuming, however, 
that the rate for unalloyed delta phase is 
comparable to (but probably not larger) the 
corrosion rate obtained for the cerium alloys, 
it is still clear, using the arguments of Wagner 
and Hauffe, that the addition of zine or alumi- 
num should increase the oxidation rate. The ex- 
perimental results contrast with this deduction. 

Despite plausible arguments 2:16) for the 
occurrence of hydroxides in the corrosion 
products formed on uranium and plutonium, it is 
difficult to distinguish such combined water 
from that tightly adsorbed on the corrosion 
product. Some method will have to be found to 
establish whether the hydroxide interpretation 
or the one being favored by Sackman is correct. 
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The temperature and stress dependence of the steady- 
state creep rate of a zirconium-hydrogen-uranium 
alloy (atomic ratio of 1:1:0.03) has been determined 
in the temperature range of 500° to 600°C which 
includes an eutectoid transformation. The stress (oc) 
dependence of the creep rate (é) can be represented 
by an equation of the form: é = ko”, with n = 4.1 
below the transformation temperature and n = 4.7 
to 4.9 above the transformation temperature. An 
activation energy of 80 000 cal/g atom was observed 
below the transformation temperature, whereas values 
of 65 000 to 73 000 cal/g atom were observed above 
the transformation temperature. 


On a déterminé l’influence de la température et de 
la tension sur le fluage a vitesse constante d’un alliage 
uranium-zirconium hydrogéne (rapport des composi- 
tions en atomes de 1:1:0,03) pour un domaine de 
température allant de 500° a 600°C qui comprend 
une transformation eutectoide. L’influence de la ten- 
sion appliquée (c) sur la vitesse du fluage (é) peut étre 
représentée par une équation de la forme é = ko” avec 


1. Introduction 


Zirconium-hydrogen uranium alloys are being 
used extensively as combination fuel-moderator 
materials !). The work reported herein describes 
the creep properties of a zirconium-hydrogen 
uranium fuel alloy with an atom ratio of 
1:1:0.03 in the temperature range of 500° to 
600° C, which includes an eutectoid trans- 
formation. Above the transformation, the alloy 
consists of a mixture of beta (a body-centered- 
cubic solid solution of hydrogen in zirconium) 
and gamma zirconium hydride (a face-centered- 
cubic to face-centered-tetragonal modification 
of approximate composition ZrHj.452)) (see 


n = 4,1 au-dessous de la température de transforma- 
tion et n = 4,7 & 4,9 en-dessus de la température de 
transformation. L’énergie d’activation était de 80 000 
cal/g atome au-dessous de la température de trans- 
formation tandis que des valeurs de 65 000 a 73 000 
cal/g atome étaient observées au-dessus de la tempé- 
rature de transformation. 


Der Einflu8 der Temperatur und der Spannung auf 
die Kriechgeschwindigkeit von einer Zr-H-U-Legierung 
(Atomverhaltnis 1:1:0,3) wurde zwischen 500 und 
600° C untersucht. Dieser Temperaturbereich enthalt 
auch eine eutektoide Umwandlung. Die Abhangigkeit 
der Kriechgeschwindigkeit é von der Spannung o 
kann durch die Gleichung é = ko” beschrieben werden. 
Dabei ist n = 4,1 unterhalb und n = 4,7 bis 4,9 ober- 
halb der Umwandlungstemperatur. Ferner wurde 
unterhalb des Umwandlungspunktes eine Aktivierungs- 
energie von 80000 cal/g Atom bestimmt, wahrend 
oberhalb Werte zwischen 65 000 und 73 000 cal/g Atom 
ermittelt wurden. 


fig. 1). In the range of 537° to 550° C, the beta 
solid solution in this mixture (roughly 2 parts 
gamma and | part beta) decomposes eutectoid- 
ally into a finely divided mechanical mixture of 
alpha zirconium (a hexagonal close-packed 
zirconium phase which can contain less than 
1 wt % uranium in solid solution) and gamma 
hydride in a ratio of about 2 alpha to 3 gamma 
(see fig. 2). The continuous phase in the vicinity 
of the transformation temperature is gamma 
zirconium hydride. Because of the transform- 
ation, a discontinuous change is expected in the 
creep rate (at constant stress) in the temperature 
range of 537° to 550° C. 
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Microstructure of Zr-H-U 


igs: 
1:1:0.03) annealed 900 h at 600°C (above trans- 
formation temperature) and quenched. Zirconium 


(atom ratio 


hydride (darker phase) plus alpha prime 


formed beta). x 175. 


(trans- 


2. Experimental 


The zirconium-hydrogen uranium alloy was 
prepared by double vacuum arc-melting a 
compacted bar of zirconium sponge and ura- 
nium. The resulting 10 cm (4 in) billet was 
extruded to a 6 cm (1.50-in)-diameter rod and 
hydrided at 800° C to 1.0 wt % hydrogen. The 
final alloy composition is shown in table 1. 


TABLE 1 


Chemical analysis of Zr-H-U alloy 


Element wt % 

iu 8.03 

lal 1.07 

O 0.0935 
N 0.0017 
Fe 0.1139 
Si 0.0050 
Cr 0.0050 
Al 0.0055 
Zr Balance 


Standard 0.505-in (1.26 cm)-diameter creep 
specimens with a 5 cm (2.0-in) gauge length 
were machined from the hydride rod. The 
specimens were creep tested in a helium atmos- 
phere by using platinum strip-type extenso- 
meters and measuring the creep strain optically. 
The creep strain could be measured to 5 uw 
(2><10™ in). 
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of Zr-H-U 


Microstructure 
1:1:0.03) annealed 900 h at 500° C (below trans- 
formation temperature) and quenched. Light phase is 
zirconium hydride; dark phase is alpha zirconium. 
xel75. 


ice (atom ratio 


The helium atmosphere was purified by 
passing it through a molecular sieve, over 
titanium turnings at 553° C and over uranium 
turnings at 538° C. The purity of the gas was 
maintained at 99.999 °%% helium or better. The 
gas was analyzed periodically with a gas 
chromatograph in the helium system. 

The furnace used for heating the creep 
specimens consisted of three windings which 
could be controlled separately. The temperature 
gradient along the gauge length of the specimen 
could be maintained at less than 1° C and the 
specimen temperature was controlled to within 
+1°C of the set temperature. 

The stress dependence of the creep rate at 
constant temperature was determined by (1) 
measuring a steady-state creep rate at a given 
stress, (2) changing the stress and establishing 
a new creep-rate characteristic of that stress 
level, and (3) returning to the original stress 
and re-establishing the original creep rate. The 
above procedure was used to ensure that 
significant structural changes had not taken 
place. 

The temperature dependence of the creep 
rate at constant stress was established in a 
similar manner. A steady-state creep rate was 
established at a given temperature, the tempe- 
rature was changed about 15° to 20° C (stress 


STRESS, (PSI X10) 
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remaining constant), and the new steady-state 
creep rate was established at the new tempera- 
ture. The temperature change required about 
one-half hour. Subsequently, the initial temper- 
ature was re-established and the steady-state 
creep rate was measured. It is realized that any 
temperature change can result in changes in 
composition of the phases present as well as 
changes in their relative amounts; however, 
in all cases, after the initial temperature (or 
stress) was re-established, the creep rate did 
not deviate significantly from the previously 
measured creep rate. 

Hydrogen analyses of the creep specimens 
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revealed no detectable hydrogen loss (<5 %) 
as a result of the tests. 


3. Results and Discussion 


The curve of creep-strain versus time at 
various stresses at 502°C (below the trans- 
formation) is shown in fig. 3. The steady-state 
creep rates at 4000, 5000, 6000, 7000, and 
8000 psi were measured in that order (see fig. 4, 
circled points); the tests were repeated at 4000, 
5000, and 6000 psi (boxed points). The loga- 
rithm of steady-state creep rates versus the 
logarithm of the stress indicate that the data 
can be represented by the usual relationship, 
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Fig. 3. Creep-strain at various stresses versus time for a zirconium-hydrogen-uranium (atom ratio 1:1:0.03) 
alloy tested at 502°C in helium. 
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tures for a zirconium-hydrogen-uranium (atom, ratio 
1:1:0.03 alloy; stress constant at 6000 psi). 


é=ko”, where é is the steady-state creep rate 
per hour, & is a constant, o is the stress, and n 
is a constant equal to 4.1. Above the trans- 
formation temperature (553° and 658°C), the 
data are limited, but they can be represented 
by a similar relationship with n= 4.93 at 553° C 
and n=4.71 at 568°C. 

The temperature dependence of the steady- 
state creep rate below the transformation 
temperature at a constant stress of 6000 psi 
was computed from the data shown in fig. 5. 
These results yield an activation energy of 
80 000 cal/g atom. Above the transformation 
temperature, data obtained in a similar manner 
at a stress of 6000 psi yield an activation energy 
of 65 000 cal/g atom. A discontinuous increase 
in the steady-state creep rate occurred when 
the temperature was increased through the 
transformation temperature range. At a lower 
stress (3000 psi), an activation energy of 73 000 
cal/g atom was computed from data obtained 
at 553° and 568° C (see fig. 6). The temperature 
dependence of the steady-state creep rate at 
3000 and 6000 psi is summarized in fig. 7. 

The activation energies for creep of this alloy 
are much higher than those reported for self- 
diffusion in alpha and beta zirconium; namely, 
27 000 cal/g atom in beta and 22 000 cal/g atom 
in alpha zirconium 8). 

It is likely therefore that the rate-controlling 
step for creep in this zirconium-hydrogen- 
uranium alloy, above and below the trans- 
formation temperature, involves the diffusion 
of zirconium atoms in zirconium hydride (the 
continuous phase), and the large discontinuity 
at the transformation temperature is due to the 
transformation of the mixture of alpha zirco- 
nium and zirconium hydride to the much weaker 
BCC beta phase. 

It is interesting to note that although this 
alloy is rather brittle at room temperature, it is 
quite ductile in the temperature range of 500° C 
and above. For example, fig. 8 illustrates a 
creep specimen tested to incipient failure at 
568° C at a stress of 6000 psi—an elongation 
of 70 % took place. 
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4. Conclusions over the range 4000 to 8000 psi. The data can 
The stress dependence of the steady-state be represented by the equation é=ko", where 
creep rate of zirconium-hydrogen-uranium (atom n=4.1. 


ratio of 1:1:0.03) was determined at 502°C Above the transformation temperature (553° 
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Fig. 6. Creep-strain versus time at 825° K and 840° K for a zirconium-hydrogen-uranium 
(atom ratio 1:1:0.03) alloy; stress constant at 3000 psi. 
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Fig. 7. Steady-state creep rate of a zirconium-hydrogen-uranium (atom ratio 1:1:0.03) alloy versus the 
reciprocal of the absolute temperature at 3000 and 6000 psi. 
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and 568° C), a similar relationship where n = 4.7 
to 4.9 represents the data for a stress range of 
3000 to 6000 psi. 

The temperature dependence of the steady- 
state creep rate yields activation energies of 
80 000 cal/g atom below the transformation 
temperature and 65 000 to 73000 cal/g atom 
above the transformation temperature. 
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Fig. 8. Creep specimen tested at 568° C under a nominal 
stress of 6000 psi. Specimen has elongated 70 %. 
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La structure micrographique d’un alliage Mg-Zr a 
0,6 % en poids, chauffé dans ’hydrogeéne, a été étudiée 
par microscopie optique et microscopie électronique. 
La diffusion de l’hydrogéne dans l’alliage entraine la 
formation d’un précipité d’hydrure de zirconium qui 
se sépare en plaquettes de symétrie hexagonale. Les 
conséquences métallurgiques de cette précipitation 
sont de deux types: 


1°) Blocage du joint de grains qui conduit a une 
structure micrographique puissamment stabilisée, 
la formation de Vhydrure étant irréversible et sa 
vitesse de coalescence par chauffage extrémement 
lente. 


2°) Durcissement structural, lorsque les particules 
d’hydrure sont suffisamment fines. 


Ces deux effets, en relation avec la répartition, le 
nombre et la dimension des précipités, dépendent des 
facteurs métallurgiques et des conditions de Vhydro- 
génation. 


The structure of a Mg-0.6 % wt Zr alloy after heating 
in hydrogen was studied with the optical and with the 
electron microscopes. The diffusion of hydrogen in 
this alloy brings about a precipitation of zirconium 
hydride which separates in the form of flat hexagonal 
plates. The effects of such precipitation are principally 
of two types: 


1) Anchoring of the grain boundaries leading to a 
“blocked” microstructure, the formation of hydride 


1. Préambule 


On sait que l’addition de zirconium au ma- 
gnésium a pour effet d’inhiber le grossissement 
du grain sous l’action de chauffage & tempéra- 
ture élevée pendant des temps prolongés: cet 
effet particuliérement favorable a permis d’aug- 
menter les températures de fonctionnement 
des cartouches des réacteurs frangais refroidis 


being irreversible and the speed of coalescence 
extremely slow. 


2) Precipitation hardening when the hydride particles 
are sufficiently fine. 


These two effects related to the distribution, the 
number and size of the precipitates are dependent on 
various metallurgical factors and on the conditions 
of hydriding. 


Das Gefiige einer Mg-Legierung mit 0.6 Gewicht % Zr 
wurde nach einer Wasserstoffgliihung licht- und 
elektronenmikroskopisch untersucht. Das Eindiffun- 
dieren von Wasserstoff fihrt zur Ausscheidung von 
Zirkonhydrid in Form ebener Plattchen mit sechs- 
facher Symmetrie. Diese Ausscheidungen bewirken 
im wesentlichen folgendes: 


1) Verankern der Korngrenzen, wodurch das Geftige 
stabilisiert wird. Die Hydridbildung ist irreversibel, 
und die Geschwindigkeit der TeilchenvergréBerung 
ist beim Erwarmen nur sehr gering. 


2) Ausharten, falls die Hydridpartikel geniigend fein 
sind. 


Diese beiden Erscheinungen, die mit der Verteilung, 
der Zahl und der GréBe der Ausscheidungen zu- 
sammenhingen, werden von verschiedenen metal- 
lurgischen Mafinahmen und von den Hydrierbe- 
dingungen beeinflusst. 


au gaz carbonique, qui utilisent ce matériau 
comme gaine. La stabilisation de la structure 
est en effet nécessaire pour éviter l’évolution 
défavorable des propriétés quand le grain 
grossit 1-5), 

Les alliages magnésium-zirconium sont capa- 
bles d’absorber de l’hydrogéne a chaud. Celui-ci 
se fixe sur le zirconium et le phénoméne 
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s’accompagne d’une augmentation de la résis- 
tance mécanique a froid et 4 chaud 67.8) ainsi 
que dune stabilisation supplémentaire de la 
erosseur du grain, plus efficace que celle qui 
résulte de la seule addition de zirconium. La 
figure 1 rappelle influence de cette absorption 
d’hydrogéne a 500° C, sur les propriétés méca- 
niques et la taille du grain. 

L’étude structurale des alliages hydrogénés 
a été reprise au microscope photonique et au 
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Fig. 1. Influence de la durée d’un chauffage préalable 
dans Vhydrogéne a 500° C sur les caractéristiques d’un 
alliage Mg-Zr 0,6 % corroyé. 


De haut en bas: 
— Propriétés mécaniques a 20° C 
— Durée de vie a 200°C sous une contrainte de 
3,5 kg/mm? 
— Nombre de grains par mm?. 
[Extrait de réf.8).] 


microscope électronique: on a pu voir l’hydrure 
de zirconium qui s’est séparé de la phase Mg « 
en petites plaquettes de symétrie de croissance 
hexagonale. Cet hydrure a le méme aspect que 
celui qu’on voit par hydruration ménagée du 
zirconium lui-méme. 

Sa répartition est en relation avec la texture 
Vhétérogénéité et d orientation de lalliage 
Mg-Zr. La dimension moyenne des plaquettes, 
imposée par les conditions de leur formation, 
semble jouer un réle important pour les consé- 
quences métallurgiques de l’hydrogénation. 


2. Structure de alliage magnésium-zirconium 
avant hydrogénation 


Les traitements dans ’hydrogéne dont il sera 
fait mention ci-aprés ont été appliqués a un 
alliage Mg-Zr a 0,6 % brut de solidification. 
Dans cet état, on peut voir sur un méme 
échantillon le comportement de solutions solides 
de titres en zirconium progressivement diffé- 
rents, grace au vallonnement °) qui résulte de 
la ségrégation mineure. L’alliage apparait comme 
sur les figures 2 et 3. Sur la figure 3 en parti- 
culier, on voit un germe de solidification pri- 
maire, constitué par du zirconium d’aprés les 
diagrammes d’état 1°), et entouré d’une série 
d’auréoles concentriques. Ces derniéres tradui- 
sent l’existence d’un gradient de concentration 
complexe dont la forme est schématisée sur la 
figure 4. 

Ce phénoméne résulte, comme l’ont indiqué 
H. Kostron et M. Schippers 1), d’une compé- 
tition de vitesse entre le déplacement du front 
de solidification et la diffusion des atomes 
d’addition dans le liquide, depuis la zone 
enrichie devant le front, vers le reste du liquide. 
De tels aspects sont fréquement rencontrés, 
notamment avec les alliages d’aluminium, sur- 
tout lorsque ceux-ci contiennent du titane. Ils 
sont d’autant plus marqués que le front de 
solidification se déplace plus rapidement, ce 
qui est favorisé par l’existence d’un intervalle 
de solidification étroit. Un liquidus 4 faible 
pente, qui entraine une ségrégation instantanée 
importante (différence de composition entre 
liquide et solide en équilibre), l’accentue égale- 
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Fig. 2. Alliage Mg-Zr a 0,6 %. Etat brut de solidi- 
fication. Polissage électrolytique. x 180. 


TITRE EN Zr 


DISTANCE AU GERME 


Fig. 4. Variation du titre en zirconium en fonction 
de la distance au germe de solidification. 


ment. Ces conditions paraissent étre particu- 
ligrement remplies avec les alliages Mg-Zr et 
Al-Ti. 

Il est évident qu’un chauffage peut régulariser 
les gradients de titre, mais seul un corroyage 
suffisant peut les supprimer totalement. 


Fig. 3. 


Comme figure 2. x 1800. 


3. Evolution de la structure de fonderie par 
chauffage prolongé dans l’hydrogéne 

Apres 10 h dans ’hydrogéne a 600° C, Valliage 
se présente comme sur les figures 5 et 6, et 
apres 100 h, comme sur les figures 7 et 8. 

Les auréoles, un peu uniformisées par le 
chauffage, sont le siege d’une précipitation 
@hydrure dont l’importance est en relation 
avec le titre local en zirconium. Des alignements 
préférentiels de précipités plus grossiers peuvent 
étre observés: 


1°. Suivant certains joints de grains, anciens 
ou actuels. On retrouve ainsi des aspects 
tout a fait analogues a ceux rencontrés par 
P. Lacombe ) et par R. Segond et l’un 
d’entre nous) lors de la précipitation 
provoquée dans une solution — solide 
Al-Mg de titre non uniforme. 


2°. Suivant certains sous-joints de polygoni- 
sation, comme cela est particuliérement 


Fig. 
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en structure de Fig. 7. Alliage Mg-Zr & 0,6 % en structure de 


fonderie. Effet d’un chauffage de 10h dans ’hydrogéne _ fonderie. Effet d’un chauffage de 100 h dans l’hydrogéne 


Fig. 6. 


& 600°C. _x_ 180. 


Comme figure 5. 


a 600°C. x 180. 


Fig. 9. 

dans les joints et les sous-joimts sont particuliérement 

bien visibles. (Chauffage de 10 h dans l’hydrogéne 
a 600°C) x 900. 


Zone ott les alignements d’hydrure coalescé 


bien visible sur la figure 9. De telles locali- 
sations préférentielles de la précipitation 
ont déja été observées, notamment dans 
les alliages Al-Cu et Al-Zn 18), 


De part et d’autre des deux types d’aligne- 
ments, on observe un liseré appauvri exacte- 
ment comme dans le cas d’une précipitation 
classique a partir d’une solution solide sursa- 
turée. Du point de vue micrographique, la 
précipitation d’hydrure, dont lVintensité est en 
relation directe avec le vallonnement, présente 
tous les aspects du maillage classique 9-12), 


4. Aspect des particules d’hydrure 


L’existence de deux formes principales de 
particules, lune réguliére, l’autre allongée, peut 
déja étre discernée sur les micrographies photo- 
niques précédentes. Au microscope électronique, 
ces aspects se précisent. 
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Au grossissement 4000, les auréoles de préci- 
pités se présentent comme sur les figures 10 et 
11, par la méthode de réplique d’une part, et 
par la méthode d’examen direct sur préléve- 
ment aminci d’autre part. 

La méthode d’amincissement nous a conduit 
d’une fagon générale & des images bien plus 
lisibles que les répliques. Cependant certains 
précipités sont entourés d’une zone grise qui 
peut étre due, soit 4 une contamination dans le 
microscope résultant de la tension élevée 
(100 kV) nécessaire a ’examen direct, soit a 
un gradient de titre, soit 4 une variation locale 
d’épaisseur, associée ou non & un gradient de 
titre; ’hydrure étant trés peu soluble dans les 
solutions d’amincissement (acide nitrique a 
36° Bé et acide chlorhydrique a 22° Bé a 2% 
dans |’éthanol), nous pensons que le relief doit 
étre le principal responsable de ce phénomene. 
Sur les répliques, on voit les empreintes, ou les 
particules d’hydrure elles-mémes qui ont été 
emportées: dans ce dernier cas, elles apparais- 
sent en teinte foncée et, a quelques accidents 
prés, & la place exacte qu’elles occupaient dans 
Véchantillon. 

Les figures 12 et 13 représentent de telles 
répliques et le diagramme de diffraction élec- 
tronique de la figure 14, effectué sur l'un des 
hexagones noirs, montre qu'il s’agit bien d’un 
monocristal du constituant lui-méme. On sait 
que de tels reports peuvent étre exploités 
systématiquement pour étudier la structure des 
composés 14:15), 

Les différentes formes de lhydrure peuvent 
étre classées en trois types principaux, visibles 
sur les figures 12, 13 et 15 & 18 


1) Hexagone presque régulier (fig. 12, 13, 15, 
17, 18); 


2) Lamelle hexagonale allongée (fig. 12, 17, 18); 
3) Parallélogramme (fig. 16, 17). 


formes résultent en fait d’une 
symétrie de croissance unique, certains axes 
étant parfois privilégiés. Les schémas de la 
figure 19 montrent comment elles peuvent se 
déduire géométriquement les unes des autres. 


Ces. trois 
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Fig. 10. x 4000. Hig. Vl. x 4000. 


Fig. 10 et 11. Aspect au microscope électronique des auréoles d’hydrure précipité. (Chauffage de 100 h dans 
P Vhydrogéne & 600° C.) Comparaison entre la méthode des répliques (fig. 10) et celle d’amincissement (fig. 11). 


Fig. 12 et 13. Chauffage de 100 h dans ’hydrogéne & 600°C. x 13 500. 
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Les figures 20 et 21 illustrent deux aspects 
successifs que peut prendre un hexagone de 
grande dimension en cours de croissance: la 
partie externe se forme d’abord, puis la zone 
centrale se compléte tandis que les angles 
rentrants se remplissent, rendant le profil plus 
stable. Ce mécanisme de formation explique 
le trou semi-circulaire que l’on rencontre fré- 
quemment au centre des plus grands cristaux 
(Gig= 121 oy), 

C’est la seule structure interne que nous 
ayons pu mettre en évidence: les lignes sombres 
que l’on voit sur certaines micrographies sont 
des franges de diffraction et des franges d’inter- 
férences. 

Des cristaux d’hydrure identiques a ceux qui 
viennent d’étre décrits peuvent étre rencontrés 
dans du zirconium hydrogéné (a faible teneur) 
et soumis @ un revenu de_ précipitation. 

On voit sur la figure 22 un alliage zirconium- 


Bis cl5; 


(Pour légendes, voir p. 229). 
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Fig. 14. Diagramme de diffraction d’un monocristal 


d’hydrure emporté sur une réplique. 


hydrogene a 4 % en atomes d’hydrogene, dans 
lequel Vhydrure a été précipité par chauffage 
a 550° C et refroidissement lent. Les hexagones 
orientés sensiblement dans le plan d’examen 
ont été emportés sur la réplique. Presque tous 
les autres n’apparaissent que par leur empreinte: 


Fig. 16. 
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Fig. 17. 


iceman lOn lime til. 


Fig. 18. 


Différentes formes de plaquettes d’hydrure rencontrées dans un alliage Mg-Zr a 0,6 % 


chauffé 100 h dans Vhydrogéne a 600° C. 


Fig. 15. x 120000 et 16. x 72000. 
Fig. 17. x 80000 et 18. x 80000. 


SUL 


Fig. 19. Différents aspects que peuvent présenter 
des plaquettes dont la symétrie de croissance est 
hexagonale. 


celle-ci, étroite et allongée, confirme bien la 
forme en plaquettes. On peut voir en outre que 
Vhydrure se sépare de fagon préférentielle dans 
les sous-joints de polygonisation comme l’avait 
indiqué D. Whitwham !6). 

D’autres formes peuvent étre également ren- 


Plaquettes emportées sur une réplique. 
Examen direct de prélévement aminci. 


contrées dans le zirconium; les principales 
dentr’elles sont représentées sur la figure 23. 

La nature de l’hydrure qui se sépare sous ces 
différentes formes sera précisée dans nos études 
ultérieures. On peut déja dire quil est peu 
probable que la symétrie de croissance hexa- 
gonale soit due a celle de la matrice environ- 
nante: en effet, on trouve dans un méme grain 
des hexagones voisins orientés de diverses 
maniéres. Tout porte & penser, a moins qu’il ne 
s’agisse d’un hydrure inconnu, que nous sommes 
en présence de l'une des deux phases, cubique 
a faces centrées ou quadratique, identifiées par 
K. A. Gulbransen et K. F. Andrew 1”) et dont 
Vexistence a été confirmée par D. Whitwham 
dans le travail déja cité. 
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20. Fig. 21. 


Fig. 20 et 21. Aspects successifs d’un hexagone de grande dimension en cours de croissance. x 60 000. 


Fig. 22. Hydrure précipité dans un alliage Zr-H a Fig. 23. Différentes formes de Vhydrure précipité 
4% at. d@hydrogéne. Réplique. x 9000. dans un alliage a 4% at. @hydrogéne. x 13 500. 
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5. Influence des conditions du chauffage dans 
Vhydrogéne 
Le nombre, la dimension moyenne et le motif 
de répartition des précipités d’hydrure dépen- 
dent, pour une texture donnée, des principaux 
facteurs suivants: 


— Titre en zirconium 
— Durée du chauffage dans l’hydrogéne 


— Température du chauffage dans l’hydrogéne. 


Linfluence du titre sera étudiée en détail par 
ailleurs. Il semble que pour un traitement 
donné, les particules soient plus grosses quand 
le titre est plus faible; en particulier, en texture 
de fonderie hydrogénée, les grands hexagones, 
autres que ceux alignés dans les joints et les 
sous-joints, sont le plus fréquemment rencontrés 
dans la partie externe des auréoles. 

Le grossissement des particules en fonction 


Fig. 24. Alliage Mg-Zr a 0.6% en structure de 
fonderie. Effet d’un chauffage de 10 h dans Vhydrogéne 
a 500°C. Examen direct. x 80 000. 


de la durée du chauffage sous hydrogéne est 
certain: on peut le voir déja au microscope 
photonique par comparaison des figures 5 et 6 
avec les figures 7 et 8. Il s’agit d’un phénomene 
de coalescence pure, l’hydrogénation étant déja 
totale bien avant la 10éme heure, comme le 
montre l’analyse chimique effectuée par ailleurs. 
Il s’agit cependant d’un type de coalescence 
un peu particulier puisque le zirconium et 
Vhydrogéne se sont insolubilisés réciproquement 
dans le magnésium. Comme cela avait déja été 
indiqué 8), cette coalescence ne se fait qu’a une 
vitesse trés lente. Des essais de chauffage dans 
d’autres atmospheres, aprés hydrogénation, sont 
actuellement en cours pour préciser si un exces 
d’hydrogéne est nécessaire pour permettre 
Vévolution structurale apres insolubilisation du 
zirconium. 

La température de séjour sous hydrogeéne joue 


un role déterminant sur la dimension des 


Fig. 25. Effet d’un chauffage de 20 h dans l’hydrogéne 


a 450° C. Examen direct. > 125 000. 
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plaquettes. Les micrographies 24 et 25 montrent, 
par examen électronique direct, le résultat des 
chauffages de 10 h a 500°C (grossissement 
80 000) et de 20 h a 450°C (grossissement 
125 000) respectivement. Par effet de masque, 
provoqué par le feutrage des nombreuses petites 
particules inattaquées par la solution d’amin- 
cissement, la derniére préparation est relative- 
ment épaisse et son image de transmission plus 
confuse. On y distingue certaines de ces trés 
petites plaquettes, orientées en biais ou per- 
pendiculairement au plan d’examen, d’ou leur 
forme étroite. L’ordre de grandeur des dimen- 
sions moyennes peut en étre déduit: la médiane 
de V’hexagone est de l’ordre de 300 a 400A 
et l’épaisseur des plaquettes de l’ordre d’une 
trentaine d’angstroms. 


Fig. 26. Blocage des joints par les _particules 

@hydrure. Noter les irrégularités associées A la 

présence des nuages de fines particules ou & la présence 

de grosses particules individuelles. (Chauffage de 100 h 
a 600° C dans lhydrogéne.) x 180. 


P. LELONG ETAL. 
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Fig. 27. Détail de la figure 26 montrant plusieurs 
ancrages de joints sur de grosses particules d’hydrure. 
x 1400. 


6. Conséquences métallurgiques 


Suivant leurs dimensions moyennes, les pla- 
quettes d’hydrure peuvent modifier différem- 
ment les propriétés de lalliage. 

Le durcissement structural qui peut résulter 
de ’hydrogénation s’obtient avec les plaquettes 
de plus petite dimension: c’est ainsi que le 
traitement prolongé a 450°C conduit & une 
résistance a la déformation a froid plus élevée 
que les traitements & 500° C ou & 600° C. Bien 
entendu, pour ces températures élevées, les 
temps courts doivent permettre l’obtention de 
petites plaquettes, mais de grandes différences 
peuvent alors étre rencontrées entre les zones 
corticales et le centre des fortes sections. ; 

Le blocage du grain, phénoméne qui a déja 
été rencontré dans de nombreux autres cas 
18,19,20) semble par contre étre efficace dans un 
trés large domaine de dimensions. La micro- 
graphie de la figure 26 montre plusieurs 


OBSERVATIONS MICROGRAPHIQUES 


Fig. 28. 


Ancrages multiples sur plusieurs particules 
rapprochées. Réplique. x 13 500. 


exemples ot les joints de grains sont arrétés 
avec des formes qui seraient absolument hors 
déquilibre si elles n’étaient le résultat d’an- 
crages sur de gros précipités individuels ou sur 
les nuages de fins précipités que constituent les 
auréoles. A faible grossissement, l’ancrage sur 
de gros précipités se traduit par un angle assez 
prononcé comme on peut le voir sur la figure 27. 
Les nuages de fins précipités conduisent en 
général a des modifications de parcours du joint 
présentant des rayons de courbure apparents 
assez grands en premiere approximation; un 
examen a grossissement élevé montre que les 
fines particules agissent sensiblement comme les 
grosses (figure 28), les courbures étant la 
résultante de petits ancrages trés voisins les 
uns des autres. 

Il faut noter enfin que la distance moyenne 
des particules est plus déterminante, vis-a-vis 
de l’efficacité de l’ancrage, que leur dimension. 

La dégradation lente du blocage du joint 
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s’entretient par elle-méme. En effet, le joint 
est un lieu de coalescence privilégiée et cette 
coalescence s’accompagne d’un appauvrissement 
de part et d’autre du joint. Sous leffet du 
chauffage, les ancrages tendent a s’éloigner les 
uns des autres et finissent par libérer le joint 
qui peut alors se déplacer d’autant plus loin 
que le liseré est plus large. 

Le blocage suivant se dégradera progressive- 
ment de la méme maniére, et ainsi de suite, 
mais en pratique le déplacement du joint restera 
assez lent tant que les vitesses de diffusion qui 
contrélent les phénomeénes de dégradation seront 
faibles. C’est bien ce qui parait étre le cas pour 
le systeéme Zr-H dans le magnésium. 


7. Conclusions 


Par des examens micrographiques photoni- 
ques et électroniques, on a identifié dans les 
alliages magnésium-zirconium hydrogénés un 
hydrure de zirconium de forme identique a l’un 
de ceux observés dans le zirconium faiblement 
chargé en hydrogéne. Cet hydrure, dont la 
symétrie de croissance est hexagonale, est 
probablement la phase cubique qui a été iden- 
tifiée par d’autres auteurs. 

Le précipité dhydrure présente de nom- 
breuses analogies avec les précipités tradition- 
nels qui se séparent des solutions solides sur- 
saturées: en particulier il forme des alignements 
préférentiels suivant les joints de grains et les 
sous-joints de polygonisation avec appauvrisse- 
ment de part et d’autre de ceux-ci. 

Mais le précipité d’hydrure jouit toutefois 
dune précieuse propriété que n’ont pas les 
précipités métallurgiques résultant de la sur- 
saturation des solutions solides: sa formation 
est irréversible et les chauffages ne peuvent 
que le coalescer. De plus, par rapport aux 
phases intermétalliques de sursaturation a 
toutes températures (réseau de réticulage ou 
d’hypercorroyage), la dispersion d’hydrure jouit 
d’un autre avantage aussi précieux: sa coales- 
cence est trés lente. Pour ces deux raisons, 
la structure micrographique est puissamment 
stabilisée. 

Les plaquettes d’hydrure, quand elles sont 
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suffisamment rapprochées, ancrent les joints de 
grains, les amas denses de plaquettes paraissant 
plus efficaces que les plaquettes plus dispersées. 
Le titre de alliage, et par ailleurs ’hérédité de 
la texture d’hétérogénéité de solidification et 
tout mécanisme modifiant la répartition du 
zirconium, sont des facteurs influant sur l’effi- 
cacité de inhibition. 

Le durcissement structural déja observé se 
produit par formation des plaquettes les plus 
fines, et s’atténue par leur coalescence lente. 
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LETTERS TO THE EDITORS — 


LETTRES AUX REDACTEURS 


ELEKTRONENBEUGUNGS-UNTERSUCHUNG AN EINKRISTALLINEN SCHICHTEN 
VON URANOXYDEN IM BEREICH VON UOz BIS UQg 


S. STEEB 


Max-Planck-Institut fiir Metallforschung, Abteilung fiir Sondermetalle, Stuttgart, Deutsche Bundesrepublik 


Eingegangen am 17. November 1960 


Im Zusammenhang mit einem kiirzlich in 
dieser Zeitschrift erschienenen Beitrag!) sind 
folgende Abschnitte bemerkenswert: 

Werden diinne, durch Aufdampfen von Uran 
bei 10-5 Torr} auf heisse Steinsalzspaltflachen 
(400° C) erhaltene orientierte Schichten in einem 
Elektronendiffraktograph 2) mit 50 kV Elek- 
tronen durchstrahlt, so erhalt man die Abb. 1. 

Die Auswertung derartiger Aufnahmen ergibt 
unter Verwendung von MgO als Eichsubstanz 
das kubisch flaichenzentrierte Gitter von 
UO2(CaF2-Typ) mit Gitterkonstanten von 5,45 
bis 5,458 A. 

Tn 3) 


wurden die Gitterkonstantenbestim- 


+ 1 Torr = 1 mm Quecksilbersaule. 


mungen mehrerer Autoren kritisch betrachtet 
und die gemessenen Werte a der Gitterkonstan- 
ten tiber O/U aufgetragen. Man leitet aus der 
so erhaltenen Geraden leicht die Beziehung ab: 


5,667 —a 


ia 0,1066 


(1,75 <O/U <2,35). 
Danach hatten unsere Ausgangspriparate eine 
zwischen O/U=2,04 und 1,96 schwankende 
Zusammensetzung. 

Um nun das in Fig. 2 gezeigte Uberstruktur- 
diagramm zu erhalten, wurde obiges Praparat 
im Diffraktograph auf Temperaturen zwischen 
250° C und 550° C erhitzt und dann Sauerstoff 
bis zu einem Druck von 10-° Torr eingeleitet. 
Schon nach wenigen Minuten erschienen zahl- 


Abb. 1.  Elektronenbeugungsaufnahme von UOs. 


bo 


Abb. 2. 
12 min bei 500° C und 10-3 Torr erhalten). 


Uberstrukturdiagramm (Aus Abb. 1 nach 


ror) 
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reiche neue Punkte in der Grundmatrix, deren 
Gitterkonstante sich nur wenig bis auf ca. 5,43 A 
verringert hatte, was nach obiger Gleichung 
etwa der Zusammensetzung U,4Og9 entspricht. 

Die ,,Uberstrukturpunkte“ sind auf einem 
quadratischen Netz angeordnet, dessen Kanten- 
lange sich zur urspriinglichen wie 1:8 verhalt, 
d.h., im zugehérigen Kristallgitter sind Uber- 
strukturzellen mit einer Kantenlinge von 
8 x 5,43 A=43,44 A entstanden. 

Wird der Sauerstoff abgepumpt, so ver- 
schwinden die Uberstrukturpunkte; sie treten 
aber kurze Zeit nach dem erneuten Zuleiten 
von Sauerstoff wieder auf. Die Ausbildung der 
Uberstruktur ist also reversibel. 

Bei Uberschreitung einer vom Sauerstoff- 
partialdruck abhangigen kritischen Temperatur 
7. verschwinden die Uberstrukturpunkte. 


(T.=580° C fur 10 Torr Og und 
Te=415° C fur 10-* Torr. O03). 


Die Gitterkonstante in den Diagrammen 
wurde jeweils bei Zimmertemperatur nach Auf- 
rauchen von MgO vermessen. 

Die Druckmessung erfolgte mit einem auf 
Sauerstoff geeichten Ionisationsmanometer, die 
Temperaturmessung mit einem Pt—Pt/Rh— 
Thermoelement. 


S. STEEB 


Die orientierten Uranoxydschichten  ver- 
andern sich nach Bildung der Uberstruktur bei 
400° GC und 10-3 Torr O2 im Zeitraum von 11 h 
nicht weiter. Héhere Oxyde treten bei diesem 
Druck erst nach Erhéhung der Temperatur auf 
ca. 500° C auf. 

Unter der Annahme, dass die Uberstruktur- 
bildung in allen drei Koordinatenrichtungen in 
gleicher Weise erfolgt, miissen zu ihrer Be- 
schreibung 8?=512 UOs-Zellen mit zusammen 
2048 Uran- und 4096 O-Atomen zu _ einer 
Uberzelle zusammengefasst werden. 

In 2048 zur Verfiigung stehende Zwischen- 
gitterplitze sind dann 512 weitere Sauerstoff- 
atome einzubauen. 

Somit konnen aus der endgiiltigen Auswertung 
der Abb. 2 interessante Hinweise auf den 
Einlagerungsmechanismus der Sauerstoffatome 
im UOs-Gitter erwartet werden. 

Eine ausftihrliche Darstellung folgt dem- 
nichst. 
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RESTAURATION THERMIQUE DU PARAMETRE DE L’UO, FAIBLEMENT IRRADIE 
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Le bioxyde d’uranium, de structure cristalline 
cubique type fluorure de calcium, présente une 
augmentation appréciable des dimensions de sa 
maille aprés irradiation par les neutrons thermi- 
ques. 

Ce changement de paramétre atteint rapide- 
ment une valeur maximum lorsque la dose 
irradiation est telle que chaque fission recuise 
autant de défauts qu’elle en produit. Cela est 
réalisé pour un flux intégré voisin de 2 x 1017 
neutrons/cm? !). 

Nous avons étudié la restauration du para- 
métre cristallin par des recuits isochrones d’un 
échantillon pour lequel la variation relative de 
parametre avait atteint sa valeur maximum 
égale a 8,6 x 10-4. L’irradiation a été faite dans 
la pile EL2 sous un flux de 2,5 x 10!* neutrons/ 


cm?2.sec pendant une durée de 7 jours, soit un flux 
intégré de 1,48 x 10!8 neutrons/em?. La tempé- 
rature d’irradiation est restée inférieure a 62° C. 
Le contréle de la température maximum de 
Véchantillon au cours de irradiation est réalisé 
en placant contre lui un fil de paraffine et en 
nous assurant que celui-ci n’a pas fondu 
(température de fusion 62° C). 

Le matériau que nous avons utilisé sous 
forme massive a été fritté sous hydrogéne a 
1650° C. 

La valeur du parameétre de l’échantillon non 
irradié, ao =5,4690 A peut étre attribuée & un 
UOz stoechiométrique pour autant que lon 
connaisse cette valeur avec une erreur absolue 
inférieure a 0,001 A, c’est-A-dire avec une 
dispersion suivant le mode de_ préparation 


> (711) (551) 


fl = 


a) non irradie 


= => (711) (551) 


b) irradie 1.48 x 10"? n/em? 


= (711) (551) 


Fig. 1. 


¢) irradié + recuit a 900°C 


Profil de la raie résultant de la superposition des réflexions (551) (711) dans les cas de: a) l’échan- 


tillon non irradié; 6) l’échantillon irradié 1,48 x 1018 neutrons/em2; c) l’échantillon irradié et recuit & 900° C. 
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des échantillons correspondant a + 5x 10-4 A. 

Les recuits ont été faits sous une pression 
inférieure & 5x 10-§ mm Hg, leur durée a été 
choisie de 10 heures et les températures espacées 
de_ 100° C. 

Les mesures de paramétre ont été faites sur 
Vappareil de radiocristallographie pour maté- 
riaux irradiés décrit dans la référence 2). La 
raie étudiée qui résulte de la superposition des 
réflexions (551) et (711) étant située aux grands 
angles (6 voisin de 75°), la précision relative 
obtenue sur le paramétre est égale a 0.8 x 1074. 

La raie de diffraction est trés peu modifiée 
par lVirradiation: nous constatons une légére 
diminution d’intensité et un trés faible élargisse- 
ment de la raie aux plus grands angles dans 
Véchantillon irradié. Aprés recuit a 900°C la 
raie a repris son aspect initial (fig. 1). 

Les résultats des mesures de parametre sont 
indiqués sur la courbe de la figure 2. La restau- 
ration se fait en deux stades principaux: l’un a 
partir de 200° C, Pautre a partir de 500° C. Ces 
résultats sont en trés bon accord avec ceux 
obtenus par E. Wait par des méthodes un peu 
différentes 3). 

A 900° C la restauration est presque complete. 

Nous avons fait subir dans le méme four la 
série des recuits successifs a un échantillon 
d’UOz identique et non irradié. Le diagramme 
est resté inchangé et le paramétre constant. 

Le changement de parameétre produit par 
Virradiation est en sens contraire de celui que 
provoquerait une oxydation. D’autre part, du 
fait que UO, a été préalablement recuit sous 
atmosphere d’hydrogéne, il ne peut s’agir d’une 
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3} 
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3] 
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température de recuit 
(durée 10 heures) 


Fig. 2. Courbe de variation relative du parametre 
d’UOsz irradié en fonction de la température des recuits 
isochrones. 


perte d’oxygeéne ultérieure au cours de Jirra- 
diation. 

Les produits de fission, dont la concentration 
est trés faible (environ 20 ppm) ne pourraient 
étre la cause que d’un changement de para- 
metre bien inférieur a 2 x 10-5. 

La seule explication possible de la variation 
de paramétre reste la création de défauts 
ponctuels au cours de lirradiation, défauts qui 
disparaitront au cours de recuits aprés irra- 
diation. 
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The economic advantages to be gained by 
raising the coolant temperature in gas cooled 
graphite moderated reactors has focused con- 
siderable attention on the possibility of beryl- 
lium as a canning material. Consequently, it is 
of considerable importance to establish the 
temperature at which reaction between beryl- 
lium and uranium dioxide or other possible 
reactor materials becomes appreciable. The 
preliminary results described cover a tempera- 
ture range of 500° to 800° C. 

Baird and West !) showed that mixed powders 
of uranium dioxide (5 particle size) and 


beryllium reacted completely to UBei3 after 
28 days at 700° C. Considerable UBei3 was also 
detected in X-ray powder photographs after 
the same period at 600° C. 

Tests have now been made on stoichiometric 
uranium dioxide pellets (95 °% theoretical den- 
sity) clamped 2) in contact with hot rolled 
beryllium sheet. The reaction product was 
identified metallographically and by micro- 
hardness measurements. In the clamped speci- 
mens, reaction was restricted to small areas 
(fig. 1), but resulted in appreciable penetration 
of the beryllium. The maximum thickness of 


Tire, 1 


showing localised UBei3 formation. Beryllium at top. 
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Beryllium-uranium dioxide couple heated 1000° C seven days, 
x 200. 


240 Ae OC. KNAPTOM 
reaction product was measured at right angles 
to the original interface in samples heated at 
temperatures between 600° and 800°C for 
times up to 224 days. The results are given in 
table 1 and shown plotted in fig. 2. Due to the 
limited number of areas of contact between the 
materials, the scatter of results is large, and 
fig. 2 should only be taken to indicate the 
general trend of reaction thicknesses. 


TABLE 1 


Reaction rate studies of beryllium with other materials 


Time Reaction layer thickness (#) 
(days) | 500°C | 600°C | 700°C 

None 
a observed el as 
Beryllium- 14 Sill 10 80 
iron 28 12 30 228 
56 24 40 240 
(112 24 80 312 
Beryllium- 7 64 44 256 
nickel 14 120 60 350 
28 206 84 802 
56 210 124 1120 
112 180 280 1260 

None 
q observed 12 0 
Beryllium- 14 14 35 90 
stainless 28 21 50 140 
steel 56 30 66 184 
12 56 92 288 
Beryllium- 14 = 5 12 
uranium 28 4 10 — 
56 z 10 32 
Tee 4 14 40 
224 -- — 60 
254 — 20 = 

600° C 700° C 800° C 

None 
i4 observed é 20 
Beryllium- + 28 2 8 20 
UO2 56 2 10 80 
Lil None 80 90 

observed 

224 36 110 140 


t Also 7 days, 1000°C; 160 w. 


AND Ke Be C= Weisz 


Code: ” 
° ie] 
x 600°C g 
N 
1OOCT- Sea 760rC 
A 800°C 
+ 1000°C 
oF 
ay 
a) AS 
3 fe) 
2 + 1000°C aes 
a i) 
< 100 A 
ao) 4 oO 
= 
8 << 
« ay 
~ 
° x 
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ery A 4 
x 
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2 
»” 
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£ 
x 
o 
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(Baird & West) 
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1 
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Annealing Time (Days) 
Fig. 2. Beryllium-uranium-dioxide reaction. 


However, it may be concluded that in localised 
areas, appreciable reaction between uranium 
dioxide and beryllium has been observed, even 
at 600° C. Further work is required to confirm 
this trend and to establish what this means in 
terms of beryllium can performance under 
reactor conditions. 

Simultaneously with the work on beryllium- 
uranium dioxide compatibility, the interaction 
of beryllium with several metallic materials has 
been studied by similar techniques. Results from 
these studies are also included in Table 1. 
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Slip on {110} planes of orthorhombic alpha- 
uranium was first reported by Cahn 1). This 
type of deformation was not found by Lloyd 
and Chiswik 2) for single crystals compressed at 
room temperature; whereas it was observed in 
similar studies by Teeg 3) at —196° C and by 
Lloyd?) at 600°C. More recently Calais, 
Lacombe and Simenel >) have obtained {110} 
slip upon room temperature tensile deformation 
of crystals grown by 6 +a transformation. 
Thus, the occurrence of {110} slip over a wide 
temperature range is well established, although 
the literature records different active slip 
directions. 

As Cahn pointed out, the closest-packed 
directions in {110} planes are (112) and <110> 
with atom spacings of approximately 3.00 and 
3.26 A, respectively (fig. 1). The atoms in the 
<110> are in a straight line, while those in <112» 
are alternately displaced 0.29 A from the 
direction. Based on spacing alone, the <112) is 
the most probable slip direction, but if straight- 
ness of the rows is important, the <110> would 
be preferred. 


+ <A portion of the work reported in this letter was 
performed under the auspices of the U.S. Atomic 
Energy Commission. 

tft Work performed under contract between the 
“Commissariat & 1’ Energie Atomique”’ and the “Centre 
de Recherches Métallurgiques de l’Ecole des Mines 
de Paris’’. 
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Cahn was not able to positively identify the 
slip direction experimentally; however, from 
stereographic analyses he tentatively concluded 
that it was (110). By the metallographic techni- 
que of preparing surfaces which contained the 


<a 


[ool 


Fig. 1. Comparison between principal interatomic 


distances in «-uranium 
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slip direction but which did not reveal traces 
upon deformation of the crystal by {110} slip, 
Teeg proposed the [001] direction as operative 
at —196°C. The in-line spacing of the atoms 
in the [001] direction is rather large, 4.96 A. 
however, if it is considered zigzag, the atoms 
are separated by 2.48 A parallel and alternately 
displaced 0.62 A from the direction. The rota- 
tional asterism of Laue back-reflection photo- 
grams of Teeg’s samples did not conclusively 
identify the slip direction. In many cases the 
asterism appeared consistent with duplex slip 
in <112> directions, and the author concluded 
that the observed [001] might be the result of 
such cooperative slip. 

The operative direction at 600°C has been 
identified experimentally by Lloyd from rota- 
tional asterism observed in a Laue photogram 
for a crystal deformed by slip on one set of 
{110} planes (fig. 2). Since the rotation was 
about the (001) pole (or [001] axis), the slip 


Fig. 2. Rotational asterism about (001) plane pole 
for a crystal deformed by slip on one set of {110} 
planes (after Lloyd) 
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direction was unequivocally identified as the 
<110> direction lying in the slip plane and 
perpendicular to the rotation axis. Geometrical 
analyses of dimensional changes found for other 
crystals deformed by {110} slip and agreement 
of calculated critical resolved shear stress, when 
the slip elements were considered as {110}— 
<110>, substantiated this identification. 

In the tensile deformation experiments of 
Calais et al. at room temperature, the [001] slip 
direction was identified by metallographic exami- 
nation. Confirmation of this result from the 
asterism of Laue back-reflection spots was not 
easy, however, due to the inherent imper- 
fection of the initial crystals, prepared by the 
phase-change growth method. On the other 
hand, it is in principle possible, using the 
Boas-Schmid critical shear stress relation, 


BaD te ES 

A sin x cosA 
to calculate the shear stress required to initiate 
slip, either on the {110}— 110), the {110}— 
[001] or the {110}—<112> systems, depending 
on the crystal orientation. Figs. 3, 4, 5 and 6 
show the curves, or contours, corresponding to 
given shear stress values, on the assumption 
that the critical shear stress is equal to unity 
for the possible slip systems, both in tension 
and compression. 

In figs. 3 and 4 are plotted the orientations 
of the crystals for which Calais, Lacombe and 
Simenel found {110} slip after tensile defor- 
mation at 20°C. On the first hypothesis of 
{110}—<110> system (fig. 3), it may be noted 
that the tensile stress must attain a value of 
8 times the critical shear stress (for orientations 
very close to (001)). In contrast, the second 
hypothesis of {110} — [001] slip requires a tensile 
stress of only twice the critical shear stress. 
The {110}—[001] slip mechanism therefore 
seems much more likely on a dynamic basis. 

Moreover, the crystals for which Lloyd found 
{110} slip after compression at 600° C, possess 
orientations which are very different from those 
found by Calais et al. to show the same {110} 
slip after tensile deformation at 20°C. The 
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orientations of Lloyd’s crystals are concentrated 
in the (100) — (010) zone, for which {110}— [001] 
slip would require very large values of shear 
stress. Fig. 5 shows that, for the same crystals, 
the {110}—<110) slip hypothesis leads to values 
of tensile stress equal to at most 1.5 times the 
critical shear stress. 


(100) |! 


1.02 {io} — <i10) 


Fig. 3. Curves of constant relative resolved shear 
stress for {110}—<110> slp. @ circles represent the 
orientations of the crystals studied by Calais et al 


OOol 
(0 )g 3 617 _@19) 


(100) {i10o}—[ool] 


Fig. 4.. Curves of constant relative resolved shear 
stress for {110}—[001] slip. @ circles represent the 
orientations of the crystals studied by Calais et al. 
and © represents the orientations studied by Teeg 
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If one adopts the {110}— ¢112) slip mechanism 
proposed by Teeg for compression at — 196° C, 
then fig. 6, showing a plot of both Teeg’s results 
at —196°C and those of Calais at 20°C, 
illustrates that the <112> direction is not 
incompatible on this dynamic approach. 

It also becomes possible to explain why the 


(OOl) 


(O10) 


co 
1. 
2 1.02 
3 
1.6 
1.3 
(100) {iio} — Cio) 
Fig. 5. Curves of constant relative resolved shear 


stress for {110}—<110> slip. @ circles represent the 
orientations of crystals compressed by Lloyd at 600° C 


eS 1010) 


{io} — (tz) 


Fig. 6. Curves of constant relative resolved shear 
stress for {110}—<112> ship. @ circles represent the 
orientations of the crystals studied by Calais eé al. 
and © represents the orientations studied by Teeg 


(lOO) 
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{i76}— 612) 
Fig. 7. Curves of constant relative resolved shear 
stress for {176} twinning by compressive loading. The 
region limited by the dotted line around (001), X—X’, 
is forbidden for twinning in tension, and regions I and 
II around (100) and (010) are forbidden for twinning 
in compression. A, B and C represent Teeg’s crystals 
giving {176} twins by compression; D and E gave 
{110}—[001] slip by compression. @ circles represent 
the orientations of crystals studied by Calais et al. 


(100) 


results of Lloyd and Chiswik at room tempera- 
ture and those of Lloyd at 600° C, dealing with 
compression, are different from the results of 
Calais, Lacombe and Mrs. Simenel at 20° C 
or those of Teeg at —196° C, both with regard 
to slip direction and to the correlation between 
crystal orientation and deformation mechanism. 
If one accepts that the critical shear stress 
concept may be extended to deformation 
twinning 6), the occurrence of slip or twinning 
for a given crystal orientation may well depend 
on temperature. In general, the critical shear 
stress for slip is believed to diminish signi- 
ficantly with increasing temperature, while for 
twinning, in contrast, the critical shear stress 
varies little with temperature. This would 
explain the increasing predominance of slip 
observed by Lloyd 4) at 600° C and by Butcher ”) 
at temperatures above 400°C. On the other 
hand, Teeg observed {176} twinning at — 196° C 
for the crystal orientations A, B and C of 
figs. 4, 6 and 7, while Calais noted {110} slip 
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for closely similar orientations. A comparison 
of figs. 4 and 7 shows that there would be about 
the same chance of obtaining slip or twinning 
for crystals A, B and C, if the critical shear 
stresses for {176} twinning and {110} slip are 
assumed to be of the same order of magnitude. 
These orientations fall well within the regions 
for which the required shear stress is at a 
minimum both for twinning and slip. In addition 
to this dynamic factor, a geometrical factor 
must also be considered in certain cases: crystal 
orientations close to (001) can give rise to 
twinning in compression but not in tension, 
hence the préference for {110} slip noted by 
Calais for tensile deformation at 20° C. 

A final comparison is suggested for the 
relative importance of the various dynamic and 
crystallographic factors. Teeg reported {110} 
slip for only two crystal orientations, D and E. 
A comparison of figs. 4 and 6 with fig. 7 shows 
that, for these orientations, twinning is less 
easy than {110}—[001] slip and particularly 
{110}—<112) slip. 

Finally, the dynamic approach also explains 
why Calais observed {110} slip in tension at 
20° C, rather than the more frequent (010) — 
[100] slip. Fig. 8 shows that the majority of the 


(OOl) 
aoe 


8 
(100) 


Fig. 8. Curves of constant relative resolved shear 
stress for (010)—[100] slip. @ circles represent the 
orientations of crystals studied by Calais et al. 


(010) — [10.0] 
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crystals studied by Calais et al. had orientations 
falling in a region for which the shear stress 
would be much higher for (010)—[100] than 
for {110}—[001] or {110}—<112) slip. 

In conclusion {110} slip has been observed for 
a wide range of temperatures, — 196°C to 
600° C; at high temperatures in a <110> direction, 
and in a [001] direction at room and at low 
temperatures. The possibility that {110}— [001] 
slip may be the result of two successive {110} — 
<112» slips, as proposed by Teeg, is not ex- 
cluded; this mechanism would suppose the 
occurrence of partial dislocations in uranium. 
To supplement the dynamic argument developed 
in this note to explain the different results 
obtained in compression and in tensile defor- 
mation at different temperatures, it would be 
very important to determine the critical shear 
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stress values as a function of temperature for 
the various slip mechanisms suggested. 
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POCT BBAUMO]JUSSY3HOLVO CJION B CUCTEME AJHOMUHUK-YPAH 


Kactramau JI. C. 


U3yyuanacb B3auMosuppy3sHA B CHCTeMe aJIIOM- 
MuHMii-ypaH, B TeMMepaTypHOM MHTepBase 400— 
600° I u mpu gzapnenuax 1,25—10 Tonn/moim? 
(175—1400 xr/cm?), 3a BpeMsA MeHbuIee 24-x 
uacos. IloaTrBepauocb 4uTo ToumMHa cron UAIs 
YBeIM4HNBaeTCH Cc jaBIeHveM. Bpbiio0 moKasaHo 
cylmecTBOBaHve HHTepeCHbIX 3AaBUCHUMOCTeH MeiKLYy 
IJUTCIbHOCTHIO OTHYCKa, TeMMepaTypok OTIYyCKa U 
IpwsaraeMbIM MaBeHHeM, C OMHOH CTOPOHBI U 
mpupoxoli u pacipemeseHueM CTPyKTYPHBIX Wede- 
KTOB B 30He Zudpy3snu UAls3, c Apyrok CTOpOHBI. 
Bpio0 WoKasaHo U4TO KOJIMUeCTBO pacTBOpPeHHOH 


(asbl ypaHa B UAlIs3-(ba3se, paBHOo 10 MeHbluelt 
mMepe 2,6% aToM. ypaHa. Bpll0 10Ka3saHO YTO POCcT 
UAla-caspnr u UAle-a3snl B AupddpepenuMasbHubIxX 
MUKpoTapax,, Topa3qo Goee MeqIeHHbIi, YeM pocT 
UAls-da3bl B MUKpOnapax aioMuHuli-ypaH. B 
3aKJNOUeCHMUM MpemmoraraeTcA u4TO Bo3sselicTBue 
JJaBJIeHHA Ha OOpas0BaHue cioa UAl3 umMeeT B 
OCHOBHOM MexaHHuecKuli XapakTep, Tak Kak 
MOBHIMNIEHHe JAaBJICHUA IpeMATCTBYyeT OOpa3s0BaHHl0 
MaKpONop HM TeM CaMbIM (aKTHUeCKM yBeIMIMBAeT 
mlomepeaHoe MomesHoOe CeyeHue B3AaNMOZUPDpy3uH. 


OUEHKA TEACTBUA OBJIYYEHHA B PEAKTOPE HA 
TENJIONPOBOTHOCTb BEPHJIJIUA 


Jiuuec I. Jiox. w Jtamack A. C. 


M3yuaetca TenoupOBOAHOCTh WU 93TeEKTpPOCompo- 
THBIeHue OepuIIUA Mp HU3KUX TemmepaTypax. 
M3 cymecTBylomux JanHbIx moO elicTBUu1IO OOsy- 
ueHHA B peakTOpe Ha dIIeEKTPOCOMNpOTuBIeHHe 
OepuJIIMA BEIBOJUTCA HU3KOTeMIepaTypHas 3aB- 
MCHMOCTb TeIJIONPOBOAHOCTH OT oOOmyYeHUA. 

Pacuer loKa3biBpaeT uTO OOyYeHHue B peakTope 
MHTerpalbHOoK o3s0i B 1019 nHetirp./cm2/cer. 


(OnIcCTpble HeHTPOHbI) YMeHbUWAeT TeIJIOMpPOBO- 
WHOCTb Oepusmsua Ha 0,04 BT/cm °R, npu 20—30° HK. 
JTa BeIMIMHA MOET OBIT U3BMEpPeHa, HO OOJIbIUOTO 
WpakTuyecKoOro 3HAavYeHHA He UMeeT. bepusmuH, 
BBICOKOM WM HU3KOK. YHCTOTHI, pearHupyeT O7MHAa- 
KOBO. Harpes no 250°K mponusBoyuT ObIcTpoe 4 
MOIHOe€ BOCCTAHOBIeHHe WpeskHel TeIMJIOMpOBO- 
QHOCTH, HapylweHHOH OO yueHHemM. 


HEKOTOPHBIE BUJIbI PASBUTHMA THUPSY38HbIX CJIOEB B BHHAPHbIX CHCTEMAX 


Kugcon IT. B. 


Iloka3aHo 4TO TpwMeHeHue WepBaro 3aKoHAa 
@uka K MHOroasnol Auppy3suu B OunapHDrx 
cucTeMaxX MpPHBOJMT K MpOCTbIM HO TOUHDIM 
(popMyslaM B 3aBMCHMOCTU OT BpeMeHH UM TemIepa- 
TYpbhI [Is Me yMOBepXHOCTHOTO TWOJIO7KeHUS. 
Bp u3yyennl [Byx(pasHple u Tpex(pazsuble CHCTeMLI 


MU pe3yilbTaTbt OOOOMeEHDI Ha CcucTeMbI B H-(pas. 
PaccMOTpeHO He€CKOJIbKO BUJOB BIIMAHUA TeMIepa- 
TYpbl Ha CKOPOCTHHIe KOHCTAHTH. B ocoOeHHOCTH 
ONpeweNeHbl YCJIOBUA UpW KOTOPHIX da3sEl MOTyT 
WIM HE MOryT JOCTHTaTb WHpPUHbI HadsonaeMoli 
B 30He Audpy3nn. 


BJIMAHUE PASOBON «-f-c-TPAHCPOPMAILHUH HA JLOMMUHUMPYIOLULYIO 
OPHMEHTAIMIO B «YPAHE 


Biotuep b. P. u Baneperor JI. 


MUccreqopanbl ip NOMOUIM AuTaTOMeTpuu, Me- 
TaJIOrpapuun M peHTTeHHOBCKUX sryueli OOpasitEl 
HaTaHHBbIX CTepsKHei ypana nocse TpancopMaluHn 
B pa3JIMGHOW cTeleHH B f-da3ze pu ompexeeHHOM 
rpayMente Temieparypbi. PesybTaTbl WOKA3bIBAIOT 
uTO H38MeHneue (a3zsbl COmpoBOmaercaA MoOmOCOLt 


TpaHcPOpMaluu CMelWwaHHblX a- MW fB-(as Mpoxo - 
imei uepes Kawbii oOpasell uTO cTeneHb 
YMeHbIUeEHHA TOMMHUpYyIOMlelH OpMeHTaluu Hax O- 
WUTCA B 3ABACHMOCTH OT CTeleHu TpaHcpopMauH HU. 
IlpeqmaraeTcA MeXaHu3M KOTOpHIi mpesqcTaBIA eT 
9TO ABJIEHHEe. 


246 


ABSTRACTS FROM VOL. 3 No. 


1, TRANSLATED INTO RUSSIAN 


KOPPO3UA TEKCA®TOPH OM YPAHA 
Uactb 1. 
METOLT H3YGYEHVYWVA KOPPO3NN 


Wuxcmuep #K., Xaccou P., Mapapanb C. uw Bencan JI. M. 


Xumuyeckue cBolicrBa rekca(propuza ypaHa 
3acCTaBHJIM YCOBepUICHCTBOBaTb HOBbI€ ME€TOJIBI 
TA W3y4eHUA KOPpO3HM MeTAaJIJIOB BTUM TasoOM. 
Tlpoueccbl KOppo3Huu XapakTepu3ylOTCA peakKUuAMU 
MexKLY rasoBoi GesBoqHol aso uw TBepmol 
dbaz0i, UTO MOsKeT OLITh CpaBHUBaeMO Cc (eHOMe- 
HaMM CyXOro OKMCIeEHUA MeTa0B. Tlocie KpaTKa- 
ro 0630pa MeTOOB U3sMepeHuii, yuoTped1AeMbIx 
B 9TOH:OOMACTH, ABTOPbI OCTAHOBHIMCh Ha MpHH- 
Wune MpepbIBucTaro rpaBYMeTpuyecKaro MeTOsa: 
oOpasubl B3BeIMBAIOTCA nNepex M Mocme KOppo3suHn 
rekcajTopHiomM ypaHa. Bmecre c 9THM OHH 
nomBepraiwtTcA MUKPOTpaduyeckoMy 9K3aMeHy. 

Pa3Mmepbr 0OpasioB Obimu BLIOpAaHbI TAKUM OOpa- 
30M UTOObI OTBEYATH OMTUMAJIbHBIM YCIOBUAM JIS 
B3BeIIMBAHHA Ha MUKpPOBecax. CmocoObl IpuroTo- 
BII@HHA WM COCTOAHHE NOBeEPXHOCTU TOUHO ompeye- 
eHub. Kopposua mpoucxonuT B MeTasIIM4ueCKUXx 
TpyOKax jopMp H c npokKayKaMH, CcOeqMHEHUAMY, 
KulalmaHaMu W CceiaMM TakKsKe MeTa/JIM4eCKHMH. 
YmsoTHeHHe yYCTpOlcTBAa NWO3BOIAeT 1erKO MOy- 
UHTb IpesqBapuTerbuyio uycTory B 10-6 mM pT. CT. 
mpu Temueparype Moryimef gocrurHyTb 400°C. 
Ilocnie OTKaukH B allllapar BIlycKkaeTcCH rekcadpTo- 
pu ypaHa MU KOTOpHIi noABepraeTcA Tpolinoli me- 
peroHke. 3aTeM TpyOKH COxXpaHAIOTCH B TepMOCTaTe. 
Kaskian TpyOKa uMeeT, Ha KOHUE OMHOTO U3 CBONX 
OTBeETBJICHUH, MPUPOCTOK TA KOHTeEHCALMM KOTO- 
phd, OnarowapA OxXNaKeHHIO TO3BONAeCT MMeTb 
samac rekca@Topuja B TBeEPIOM Bue UM MO WOCTO- 
AHHBIM aBseHueM rasa. 


Kora TpyOka Oeperca IA uccneqoBaHuA, ona 
CHOBa OTKAUUBaeTCA UTOOLL YLANIUTb OcTaTouHbili 
rekcapTopuy. SareM oHa BCKpbIBaeTCA C mepyat-: 
KaMUM B HeEMpOHUWAaeMOM KaMepe C MHEPTHHIM ra3s0M 
MU, UTOOLI W30e7KATL NOBPeHeCHUU, OOPasIbI MaHu- 
yiMpywres Oe3 focrynwa Bo3sqyxa. OOdpasupl 
B3BelWMBATCA Ha MMKpOBecax UM TWoOBeprarwrTcs 
MUKporpaduueckKoMy UccsIehOBAHHIO, KOTOPhle 3aKk- 
JOUaAIOTCA B UB8yyeHHu MOpdouoruu ocayKa U 
MO3BOJIAIOT, KPOMe TOPO, BbIABUTb pa3JIMUHble 
mpoTo@ropuAL ypava. pu nomomm MOcTeneHHaro 
yaleHusA OCAKOB, MeTammorpaduyeckoe Uccie- 
WOBaHHe BHIABJIAeCT M800PasKeHH KOPpO3uu, KOTO- 
pble wacTO MpuHuMaioT (bopMy MOpUIMH B WmBAaXx 
3epeH MIM BU MUKpPOTOUeUHO!. Koppo3sun M3yueno 
pa3sBuTue UX TiyOUHbI, KOTOpOe TOAYMHEHO, B 
3aBMCHMOCTH OT BpeMeHH, 3aKOHY Wapaooaugeckaro 
XOZA MOJOOHOMY JIA KPMBHIX CyXOrO OKMCTeCHUS. 
IlpeqocroposknocTn ocymecTBJIeCHHble LI UPUroTo- 
BIeHUA OOPAZILOB UU WeperoHKU TeKcadTopusa air 
XOPOMYIO BOCIPOH3BOAUMOCTH pesyibTaToB. UyBc- 
TBUTeIbHOCTh MHUKPOB3BelMIUBAHHIi WO3BO.1AeT OMe-: 
HUTbh oOpas0Banne coONCTaro (propusa. 

B 3aK10UeHue COBOKYNHOCTh Me€TOIOB KOppo3uH 
UM UsMepeHuii Ona BbLIOpana HaUuNyumaAn WIA 
yOOHaro IPUMeHeHHA B TEXHOJOFNU reKcam@Topuya 
ypaHa UM B TO Ke BpeMA OONLUIONH GYBCTBUTe.1b HO- 
CTH MO3BONAIOMeH BbINOIHATH CepHMHbIe UCIIbI- 
TaHHA B OOUbUIOM MacilITade. Bee sTO 1O3BO1HeT 
YHOOHO u3y4aTb MHOTMe TepeMeHHbIe MakTOPbI, 
a MMeCHHO: BpeMA, TemMmepaTypa, WAaBIeHHe UTI. 


BJIMAHWYE PASMEPOB KPHCTAJIJIA HA KHHETHUKY OKUWMCJIEHHAH UO2 


Abmopu: Benboeok B., IIverapcnun HK. u Iepno II. 


Mp nompodoBaiu, YUMTbIBAad cnelnpudecky1o 
IOBEpXHOCTb, YTOUHHTb MeXaHH3M OKUCIeCHHA 
UOz pH Hu3KNxX TeMMepaTypax, Mpupory u 


CBOHCTBA MeMpabonasIbubix das B oOmacTH O/U 


M@2HLY 2,3 u 2,4. 

Pe3yIbTaTbl WpaBUJIbHO MOATBepsKTaloT paHee 
pewioxeHHbi 4) MexaHu3M HepaBHOMepHolt 
mud pysun. 


TEPMUYECKOE PACITMPEHHE MOHOKPHCTAJIOB a-YPAHA 


Jlopenn T JInonn 


JusaToMeTpnHyecKHM MeTOJJOM ObIIO u3MepeHo 
TepMHyeCKOe paclivpeHve MOHOKPHCTaJJIOB — a- 
ypaHa B UHTepBase 25—650° LI. Baim nomyyenst 
ypaBHeHWA JIA MHeHOrO pacuiMpenus (L) u 
oObeMHOro (V) B 3aBMCHMOCTH OT TeMMepaTypM 
(t° HH): 

L100} = Lt100}0 

(1+ 23,53 x 10-84 13,74 x 10-912 +.9,94 x 10-12¢8). 
L010} = Lto1030 

(1+1,16 x 10-&t—9,43 x 10-9t211,79 x 10-12t3) 


L001} = Lto001}0 

(14+19,38 x 10-84 21,58 x 10-%f2-+3,32 x 10-12%3) 
Vae=Vao 

(1+ 43,98 x 10-8 + 26,88 x 10-9t2-+1,00 x 10-1218) . 


Pas3Hble 3HaveHUA KOIPUUMEHTOB pacuinpeHu A 
nowyueHuble 1A naocKocrek [010] u [001] gunat o- 
MeTPH4eCKUM Me€TOJOM, KOTOPble CpAaBHUBAJIMCb CO 
3HAYCHUAMU BbIUMCICHHbIMU U3 WapaMeTPHUeCK UX 
XapaKTepHCTUK PeWIETKU OIpeeJICHHbIX PeHTT e- 
HOMeTPH4eCKHUM MECTOAOM, IIPHMMCbIBAIOTCA yupy T- 
MM HallpAXKeEHHAM B  MOJMKPUCTAJIIMGeCKH X 
ooOpasiax. 
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CAMODTHU@®@Y3HA B p-YPAHE 
Porman C. Jox., Tpait Kp., Xaiir Jv. Il. uw Xopruec A. JI. 


Kosh@uuvent camonuddy3suu B ypaHe yMe- 
HbulaeTca Ha BesMuuHy 150 KOrgqa KpucTaJIN- 
ueckad CTpyKTypa ypaHa MepexoWUT us KyOuueCKH 
ILeHTPHpOBaHHOK y-dasbl B CORKHYIO TeTparo- 
Halbuylo f-pasy. Jlaske pH MOBbIMIeHHOH Temme- 


patype rpaduueckoe u300pazKenue log C B 3aB- 
MCMMOCTH OT X2 MpescTraBIAeTCA KPHBOH, KOTOpan 
MWoka3blpaeT YTO NMpHUHHOK caMoUppy3suu ABIAe-- 
TCH He TOJbKO BHYTpu3epeHHaA U30TPONHAA 
muppy3ua. 


WUSSY3UA BOJIOTA B y-YPAHE 


Portman C. Jim. 


Ilu@pbysua 3070Ta B y-ypaHe Oblia UsMepeHa 
IIpH MOMOIMNM paswoakTHBHArO MHAMKaTOpa MpuMe- 
HAA TeXHUKY CeKUMOHNpOBAHUA. SHaueHHuA Do 


MW JHEpruu AKTHBALNM PaBHbl COOTBeETBEHHO 4,86 X 
10-3 cm?2/cexk u 30400 kKan/Monb, OHH OUueHb 
ONM3KU K 3HAYeEHHYAM CaMOZMPDy3Hu B y-ypaHe. 


BJIMAHWME HAIIPABJIEHHA WU TEMITEPATYPbI HA XAPAKTEP 
TE®OPMAIIMH B «-YPAHE 


Tur P. O. wu OnxunBu Lome oe 


VM3yuaocb CKOJIbKeHHE B a-ypaHe B IWIOCKOCTH 
{110}, mpu —196° I mpu nomomu 7BYyxXMIOCKOC- 
THOTPO AaHaJIM3a; OKA3aIOCb UTO CKONbIKeHue Mpo- 
MCXONMT B Haupapyenuu <001>. IlpusBomarca 
He€KOTOpble WAaHHbIe MO3BOJAIONIMe YTBepARTATh 
UTO M€XAHH3M CKOJIbIKCHHA 3AKIIOUACTCA B JLBUIKe- 
HUH TO TBYM HalpaBseHuam <112> u cBO_NTCA 
K OOMeMY CIBUry 10 HanpaBsennio <001L>. Hputu- 
uecKOe CpesbiBalolsjee HAaNpsAVKeEHUe IPM CKOJIbIKe- 
Huu 0 {010} <100> u Mpu nomepedHOM CKOJIbsKe- 
HMM CyWeCTBEHHO BO3pacTaeT, IPH HU3KUX TeMTe- 
parypax, 10 cpaBHeHHI0 C J pyruMu MexaHu3sMaMu 
ckOsIbiKeHUA. IIpAMOoe NOMTBEPIKTeHUe CKOJIbIKCHUA 


B HallpaBpseHuu <100> ObwIo, WoyYeHO MeTOZOM 
““euesalomiux cameron’. Hadsmoqanucb mNOsOCKH 
cOpocoB pa3sHoro Buya Ha TAOcKocTH (100). 
Hadsmo0gaiMcbh MO0CKH He wMpe 5 MK. HW BbICOTOH 
mo 100 MK; Kpome Toro Obl OOHAPysKeH HOBBI 
MeXaHH3M MHKpoOcopocosB. Ocb BpallleHHA COpOCOB 
Hampapseua mo <001>. Hadptozanocb BOMHUKO- 
BaHuHe Oo W10cKOcTAM {130}, {176}, wu {172}, npuuem 
mockocTb {130} oka3amacb ropa3qo Oomee ak- 
THBHOH wu mpH —196° I], u mpu 350°. Sonn 
CKOJIBHKEHHH B OOpaslax COOTBeTCTBOBAaIH mpe- 
WCKasaHHbIM TeopeTHuecKH. JIipyrux mi10cKocTeli 
WBOWHMKOBAHHA He HaOJIIOMAaAOCb. 


IMPOUHOCTb METAJIJINUECKHX TNOKPbITHH HA TPABUTE 
IPH BbICOKHX TEMITEPATYPAX 


Boxpoc Ji. C. 


Msyyasnucb MHOrHe MeTaJIbI MU cCHiaBbl B 
CMBICJI€ BO3MO;HHOCTH UX MpMMeHeHHA B BUTE 
NOKPbITHH Ha Trpadure, B YresmHeBol arTrmMocdepe, 
mpH Temueparypax wo 1010° I. Baio mokasano 
UTO 7KAPONPOUHble CUNABLI Ha OCHOBe HHKeJISA, 
pa3sIM4Hble copTa HepsKkaBelomel cram Ww MO- 
IMOLeH ObICTpO OOLYTIepOsKUBAINCh pM TeMme- 
patypax spe 816° Il. B cnyaae nno6us, O4eHb 
AKTHBHOTO MeTaJIJIa, IOJYAeHHbIe WAaWHblIe ykKa3- 


BIBAIOT Ha HeOOXORUMOCTH NMOWep2KUBATb BbICO- 
KYIO UNCTOTY TeTHA, YUTOOK! U30e2KATh NOABJCHUA 
XPYUKOCTH. 

W3 Bcex OmpoOOBaHHbIX CNIaBOB CaMbIM Ie- 
PCHe€KTHBHLIM JIA skaAPpOMpPOUHIX MOKPbITHH Tpa- 
(PUTA ABIACTCA HUKeIb-MeTHbI cimvyiaB. J,aHHble 
10 CTapeHHIO NOKPHITHH YyKasbIBaloT UTO MOHEJIb 
uMeeT OOMbINYIO COMPOTHBIIAeMOCTL rpadvuTu3zalun, 
ueM HUKEJIb. : 


AHHMSB0TPONMA NJIACTHYUECKON JEPOPMAIUM MW PASPYMIEHHE BEPHJIIIUA 


Tpuuy A. Il. wu Casruna Tox. 


, Msyyena sapucumMocTh Meikyy anus0Tponueli 
TlacTuyeckoh WepopMauuu u TAryuecTbio OepH- 
JIMA Upu Temmepatypax or 20 mo 400°C. Pac- 
CMATPUBAIOTCH XapakTepuCTHRM TwacruuecKolt 
HepopMalluu u paspymeHus MONOKpUCTaIOB. OHU 
8aKJIOUaAlOTCH B CKOUb/KCEHHH TO OCHOBHLIM MI0- 
CKOCTAM, OOpas0BanuNN WIOCKOCTeIi Mepernoa, 3apo- 
wWeHwe U pasBuTue paspymenus. JLeraercs cpan- 
Henne C paspymenveM 10 OCHOBHHIM IJtOCKOCTSIM, 


KOTOpoe HadsOZaeTcH B UnHKe. IIpumMenserca 
Win OepuHismua Teopun Ulrpoxa aA paspymenuit 
Takoro poya. OOcymmaeTcA TakzKe TepopMalna u 
paspywmeHue MOUMKPUCTaIMueCcKaTrO M Ipepsa- 
raeTca KauecTBeHHoe OObACHeEHHeE AA pocta 
TATYU4eCTH B 3ABHCMHMOCTH OT TeMMepatTypbI. Hpat- 
KO M31aralwoTcA BO3SMOJKHbIe CpeACTBA TIA yyume- 
HUA TATYuecTH. 


